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Kurzfassung 
Die vorliegende Arbeit beschreibt die Anwendung des Nasskugelmahlens zur Verbesserung 
des Wasserstoff-Sorptionsverhaltens von Feststoff-Hydriden durch die Optimierung der 
Mikrostruktur. Im Vergleich zum konventionellen Kugelmahlen bietet das Nasskugelmahlen 
Vorteile in Bezug auf die Mikrostruktur und das Wasserstoff-Sorptionsverhalten. Durch den 
Einsatz von Tetrahydrofuran (THF) konnten beim Nasskugelmahlen von MgH2 im Vergleich 
zum Trockenkugelmahlen deutlich kleinere Partikelgrößen mit etwa der siebenfachen 
spezifischen Oberfläche erzeugt werden. Zwar werden gegenüber dem Ausgangsmaterial die 
Korngrößen durch das Kugelmahlen grundsätzlich deutlich reduziert, jedoch sind diese nach 
dem Nasskugelmahlen infolge der durch das THF verringerten Reibung größer als nach dem 
Trockenkugelmahlen. Die verbesserte Partikelgrößen und spezifische Oberfläche des 
nasskugelgemahlenen MgH2-Pulvers bestimmen insbesondere bei niedrigen Temperaturen die 
Wasserstoff-Sorptionskinetik von MgH2. Weiterhin zeigen diese Materialien gute 
Eigenschaften bei zyklischer Sorption, was entscheidend für eine industrielle Anwendbarkeit 
ist.
Bei Verwendung dreier verschiedener Dotierungen zeigten die MgH2-Pulver ein noch 
verbessertes Sorptionsverhalten bei geringer Degradation. Dabei erwies sich Nb2O5 am 
wirksamsten. Verglichen mit dem nasskugelgemahlenen, reinen MgH2 ergaben sich mit den 
Dotierungen ähnliche Partikelgrößen, jedoch deutlich kleinere Korngrößen. Zwei Gründe 
werden als Ursache für das verbesserte Wasserstoff-Sorptionsverhalten vermutet. Einerseits 
die verringerte Korngröße, andererseits gibt es Hinweise in der Literatur, dass durch eine 
Oxidation die Sorptionskinetik verbessert werde, was auch der Grund für eine verringerte 
Sorptionskapazität sein könne. Eine Verlängerung des Nasskugelmahlens von MgH2 mit 
Nb2O5 bewirkte deutlich größere spezifische Oberflächen, hierdurch verbesserte sich das 
Wasserstoff-Sorptionsverhalten weiter. 
Außerdem wurde ein einfaches Simulationsmodell mit der spezifischen Oberfläche als 
relevantem Parameter entwickelt, mit dem die experimentell gefundenen Ergebnisse recht gut 
nachvollzogen werden können. 
Abstract
In this work, wet ball milling method is used in order to improve hydrogen sorption behaviour 
due to its improved microstructure of solid hydrogen materials. Compared to traditional ball 
milling method, wet ball milling has benefits on improvement of MgH2 microstructure and 
further influences on its hydrogen sorption behavior. With the help of solvent tetrahydrofuran 
(THF), wet ball milled MgH2 powder has much smaller particle size and its specific surface 
area is 7 times as large as that of dry ball milled MgH2 powder. Although after ball milling the 
grain size is decreased a lot compared to as-received MgH2 powder, the grain size of wet ball 
milled MgH2 powder is larger than that of dry ball milled MgH2 powder due to the lubricant 
effect of solvent THF during wet ball milling. The improved particle size and specific surface 
area of wet ball milled MgH2 powder is found to be determining its hydrogen sorption 
kinetics especially at relatively low temperatures. And it also shows good cycling sorption 
behavior, which decides on its industrial applicability.  
With three different catalysts MgH2 powder shows improved hydrogen sorption behavior as 
well as the cyclic sorption behavior. Among them, the Nb2O5 catalyst is found to be the most 
effective one in this work. Compared to the wet ball milled MgH2 powder, the particle size 
and specific surface area of the MgH2 powder with catalysts are similar to the previous ones, 
while the grain size of the MgH2 with catalysts is much finer. In this case, two reasons for 
hydrogen sorption improvement are suggested: one is the reduction of the grain size. The 
other may be as pointed out in some literatures that formation of new oxidation could enhance 
the hydrogen sorption kinetics, which is also the reason why its hydrogen capacity is 
decreased compared to without catalysts. After further ball milling, the specific surface area 
of wet ball milled MgH2 with Nb2O5 is much larger than the standard wet ball milled MgH2
with Nb2O5 and the corresponding sorption behavior is also much improved.  
Furthermore, a simple model is built up in which the key parameter is main specific surface 
area and it follows the experimental desorption results quite well.
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Chapter 1 Introduction 
1.1 Current energy society  
Energy is the essential requirement for any aspect in the world and the more 
developed a nation, the more energy it needs. The total primary energy supply 
throughout the world has increased from 58.9 Quadrillions Btu (Btu is short term of 
British thermal unit, which is a traditional unit of energy and 1 Btu = 1.06kJ) in 1968 
to 99.3 Quadrillions Btu in 2008, a rise of 68% in 40 years and will increase further in 
the future years [1]. This increase is a result of growth in the world population and a 
general rise in prosperity.  
Fossil fuels are the major part of the current energy resources, which are 
consumed for a wide variety of purposes, e.g. heating houses, cooking, transportation 
and manufacturing of industrial products. In 2008, in the whole world 83.5 
Quadrillions Btu fossil fuels were consumed and however, only 7.3 Quadrillions Btu 
renewable energy and 8.5 Quadrillions Btu nuclear electric energy were consumed [1]. 
As a result fossil fuels will be used up in the near future, e.g. with the current 
consumption of oil which is approx. 28 billion barrels a year, the proven reserves 
would last for only 40 years [2].  
The production, processing and transportation of fossil fuels generally have 
considerable environmental impact at local and regional levels. Among them the most 
significant negative impact is caused by fossil fuel combustion, during which a lot of 
air pollutants are formed: sulphur oxides (SOx), nitrogen oxides (NOx), volatile 
organic carbon (VOC), carbon monoxide (CO) and particular matter. Besides, the 
main green effect gas carbon dioxide (CO2) is also produced in large quantities [3]. 
Currently, most of the world energy requirement for transportation and heating (which 
is two thirds of the primary energy consumption) is derived from oil or natural gas. 
The advantages of them are high energy density from its consumption and easy to 
transport due to liquid or gaseous forms. Unfortunately, over half of all greenhouse 
gas emissions and a large fraction of air pollutant emissions come from the 
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combustion of hydrocarbon fuels. Both limited reserve of fossil fuels and the 
pollution from its combustion promote that today’s world is facing an urgency in 
developing alternative fuels. Among various alternatives, hydrogen fuel offers the 
highest potential benefits in terms of diversified supply and reduced emissions of 
pollutants and greenhouse gases [3].  
1.2 Hydrogen in energy systems 
Hydrogen has a weight-based heating value of more than two times as large as 
that of currently used fuels and it is carbon-free, which means that there is zero or 
near-zero emission at the point of use [4, 5, 6, 7]. These properties are considered to 
enable hydrogen to compete with the current fuels and thus the hydrogen cycle is 
more attractive. In of hydrogen economy, the principal focus of hydrogen technology 
is mainly on the safe and affordable utilization of hydrogen as an alternative fuel 
based on seamless integration of generation, distribution and storage technologies [3]. 
A possible hydrogen cycle is illustrated in Figure 1.1. It shows that energy from 
photovoltaics, wind and hydropower is converted into electricity, which is then used 
in an electrolyzer to split water into hydrogen and oxygen. Oxygen is released to the 
atmosphere and hydrogen is intermediately stored, transported and distributed before 
being electrochemically consumed by oxygen (from the atmosphere) in a fuel cell 
whereby electricity is produced with the by-product water or steam released into the 
atmosphere [8].  
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Figure 1.1 Hydrogen cycle in hydrogen society based on renewable energy and fuel cells [8].  
 
Generally hydrogen doesn’t occur on earth in the form of hydrogen molecules but 
is chemically bound in water and in liquid or gaseous hydrocarbons. Hydrogen can be 
produced using a variety of starting materials, derived from both renewable and 
non-renewable sources, through many different process routes. The world production 
of hydrogen is around 45-50 Mt per year, most of which is derived from natural gas 
by steam reforming [3]. The remainder is obtained basically from oil and coal by the 
partial oxidation process [3]. Only 4% of the worldwide hydrogen is generated by 
electrolysis with electricity produced from sustainable energy sources e.g. solar, wind, 
hydro power or directly from photolysis [3,9].  
Hydrogen production is presently directly associated to its use, for example, an 
ammonia or methanol plant is likely to be located next to a hydrocarbon cracker or 
steam reformer. Small scale hydrogen in the form of compressed gas or cryogenic 
liquid is transported from production site to major end users via pipelines, by road in 
tanker trucks [10]. Two technical problems appear to be relevant: 
1. The pipelines should be sealed closely and the materials for pipelines should 
be carefully chosen due to the very high mobility of hydrogen and its ability to 
permeate many solids with low density. 
2.    High pressure of hydrogen is required and thus adequate compressors are 
needed for handling high volume, high pressure hydrogen systems. 
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One of the most critical factors in inducting hydrogen economy is transportation 
and on-vehicle storage of hydrogen. Several different methods of storing hydrogen are 
used, which can be classified into three basic methods: compressed hydrogen storage, 
liquid hydrogen storage, and solid hydrogen storage. Their advantages and limitations 
will be shown in later Chapter 1.3. 
In the hydrogen society energy conversion from stored H2 into usable form can be 
realized through either a conventional internal combustion engine (ICE) or a fuel cell 
(FC). Due to Carnot cycle efficiency limitations of the ICE, a fuel cell (FC) is 
preferred [11], because it offers a potential efficiency approximately twice as large as 
that of an ICE [4]. In the FC H2 recombines with O2 to produce electricity and water 
which is the only by-product [12]. In the ICE hydrogen is combusted with an oxidizer 
(usually air). In this period the expansion of the high temperature and pressure gases, 
which are produced by the combustion, directly applies force to a movable component 
of the engine, such as the pistons or turbine blades and by moving it over a distance, 
generate useful mechanical energy [13].  
1.3 Hydrogen storage 
The U.S. Department of Energy (DOE) has been involved for almost 30 years in 
research and development (R&D) programs related to advanced vehicular 
technologies and alternative transportation fuels [14]. In the programs it is pointed out 
the actual challenges for hydrogen storage. The principal challenges to improve 
hydrogen storage technologies relate to the efficiency, size, weight, capacity, cost, 
durability and refuelling time of the hydrogen storage system. 
 Efficiency 
Energy efficiency is a challenge for all hydrogen storage approaches. The 
energy required to get hydrogen in and out of storage is an issue for reversible 
solid-state materials storage systems. In addition, the energy associated with 
compression and liquefaction must be factored in when considering compressed 
and liquid hydrogen storage technologies, which will be detailed introduced 
later [15]. 
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 Weight and Volume 
At the moment both weight and volume of the hydrogen storage systems are too 
high, thus they are inadequate for vehicles compared to the conventional 
petroleum fuelled vehicles. Thus the compact, lightweight hydrogen storage 
systems are needed for vehicles [15]. 
 Durability 
As the requirement from the DOE’s targets of hydrogen storage [16], materials 
and components are needed to allow hydrogen storage systems with a lifetime at 
least 1500 refuelling cycles [15]. 
 Refuelling time 
There is a need to develop hydrogen storage kinetics in order to achieve the 
targets that hydrogen storage systems with refuelling times of less than 3min, 
over the whole lifetime of the system [15]. 
At the moment several different methods of storing hydrogen are available. These 
can be generalized into three basic methods:  
Compressed Hydrogen Storage: Generally at ambient pressure and temperature 
one kilogram of hydrogen occupies 11m³ of volume and consequently its storage 
requires enormous compression [17]. High strength steel or other metals are an option 
from a strength perspective; however, diffusion of hydrogen into the steel and weight 
of the steel are major issues for vehicular storage [17]. Compressed hydrogen gas at 
34.5MPa has a density of 23.5kg/m³. During this compressing process, 8.5% of the 
energy content of the hydrogen is required [18]. Besides, the filling rate of 
compressed hydrogen gas must be monitored and regulated to reduce the temperature 
increase of the gas in the tank during rapid filling [18]. 
Liquid Hydrogen Storage: Liquid hydrogen has a density of 70.8kg/m³ [18]. 
Five kilograms of hydrogen only require 71L of volume, and this is adequate on a 
volumetric basis for current vehicles [17]. The phase diagram in Figure 1.2 for 
hydrogen shows the various forms of hydrogen as a function of pressure and 
temperature [5,19]. There is a small zone which starts at the triple point, and ends at 
the critical point where hydrogen exists as a liquid with a density of 70.8kg/m³ at 20K. 
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The energy utilized for cooling to liquid hydrogen requires an estimated 30% of the 
lower heating value of hydrogen, which is substantially higher as compared to 
compressed hydrogen [17]. There is a period during compressing over which 
hydrogen will warm up in a storage vessel and convert to gas and will require venting 
from the liquid hydrogen tank. This period is the dormancy period, and there is one 
estimate of 4% of liquid hydrogen converting to hydrogen gas per day for a 4.6kg 
tank, and the whole tank of liquid hydrogen can last for about 25days [18, 20]. 
 
 
Figure 1.2 Simple phase diagram of hydrogen [21]. 
 
Solid hydrogen storage: There are a lot of different classes of solid hydrogen 
storage materials which will be introduced in Chapter 2 with more details. Here are 
some examples about solid hydrogen materials in order to highlight the difference to 
compressed and liquid hydrogen storage.  
Recently, a number of reversible hydrides have been studied for hydrogen storage. 
As a system, hydrides have a substantial advantage on a volumetric basis 
(0.13-0.15kgH2/L), much safer and easier to be transformed in comparison with 
compressed hydrogen and liquid hydrogen [17].  
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The simplest groups of the hydrides are the so-called metal or intermetallic 
hydrides such as LaNi5H6 and FeTiH2, which operate at lower temperatures of 100°C 
and lower pressures [18]. The weight percent of such hydrides range from 1.5 to 
3wt%, and the volumetric density range from 0.05 to 0.12kgH2/L [17]. Higher 
gravimetric and volumetric densities can be achieved by the higher-temperature 
hydrides such as MgH2 and MgNiH2 at 300-350°C. Their high gravimetric property is 
significantly better than the low temperature hydrides mentioned before, but the high 
temperature requirement probably precludes their use in vehicles. In this case, 
NaAlH4 is attracted due to its low operating temperature about 100°C and relatively 
reasonable hydrogen storage capacity 4-5wt%. The sodium alanate doped with Ti has 
a hydrogen content by weight twice as that of the traditional low-temperature hydrides. 
However, the slow reaction kinetics and low reversibility continue to be a major issue 
for vehicular applications [17]. There are some complex hydrides with much higher 
gravimetric mass percentage than the DOE requirement, e.g. LiBH4 with 13.8wt% of 
hydrogen, however, its too high operating temperature and pressure as well as low 
reversibility still need a lot of research.  
Besides, the activated carbon is also interesting for hydrogen storage. The 
activated carbon storage system operates at 77K and a pressure of 50-100atm. The 
system consists of a cryogenic tank filled with the carbon and auxiliary components to 
control the release of the hydrogen. Generally liquid N2 is used to cool the hydrogen 
during the filling process of the system. The hydrogen is stored as a liquid in the 
micropores of the carbon and as a low temperature gas in the macropores between the 
carbon particles. The hydrogen storage capacity of carbon is dependent on its surface 
area and pore size distribution and the extent to which the carbon particulates are 
compacted prior to loading into the cryogenic tank. For a carbon density of 0.3g/cm³, 
the weight metrics are 7.6wt% at 50atm and 9.5wt% at 100atm [18].  
1.4 Motivation and outline 
From the above introduction of different materials for hydrogen storage, in this 
thesis MgH2 is selected as the main research object due to its simple composition, 
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high gravimetric, low cost and abundance in the earth’s crust. Unfortunately, two 
major problems concerning MgH2 have precluded its use in practical applications [22]. 
First, MgH2 is a quite stable compound, which means low equilibrium pressure and 
then high temperature operation for any storage application. The second problem is its 
poor desorption and absorption kinetics. This work is mainly concerned with the latter 
problem. Nevertheless, extensive research in the last decade led to a rather strong 
consensus that nanocrystalline solid hydrides, specifically obtained by mechanical 
milling in various types of ball mills and characterized by the existence of nano-sized 
grains within the hydride particles, exhibit substantially enhanced desorption and 
absorption kinetics [23]. In the milling process, both particle size and grain size are 
inevitably reduced. Therefore a very fundamental question arises whether particle size 
and grain size plays the main role on the improved hydrogen desorption and 
absorption kinetics. In this work, based on the mechanical ball milling of MgH2 
powder, an organic chemical is used in order to improve the microstructure of MgH2 
powder, which should lead to a further improvement of hydrogen desorption and 
absorption kinetics. Through comparison with dry ball milled MgH2 powder under the 
same milling conditions which gives a different ratio of grain and particle refinement, 
a classification whether particle size or grain size is the critical parameter for 
improvement of hydrogen sorption behaviour can be made clear. Besides, another aim 
of this work is to investigate what kind of microstructure of MgH2 powder can favour 
its sorption behaviour. 
Absorption and desorption of metal hydrides is a heterogeneous phase 
transformation. This reaction combines a number of steps taking place in series [24]. 
For example during the absorption process H2 transport to the surface of metals, H2 
dissociation, H chemisorption, surface-bulk migration, H diffusion and nucleation and 
growth of hydride/metal phases take place. The slowest step of those mentioned 
previously is the rate-determining one. In this work, a spherical model is built up, 
with which the mechanism of hydrogen desorption is explained and the determining 
step of the kinetics is found. The modelling results will be compared to the 
experimental results in order to further adjust the modelling parameters.   
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Moreover, co-milling with some catalysts, e.g. transition metals, transition metal 
oxides, carbon nanotubes and so on could also be a benefit for hydrogen sorption 
behaviour of the MgH2 powder. However, till now the mechanism how catalysts 
influence the sorption behaviour is still not clear and several different theories are 
available. In this work three different catalysts are used and it is intended to compare 
the effects of them on improvement of hydrogen sorption behaviour. Through analysis 
of the microstructure of wet ball milled MgH2 with catalysts and the analysis of the 
sorption behaviour by the built up spherical model, the mechanism of catalysts 
influencing on hydrogen sorption will be explained.  
Based on the experimental and modelling results, it will be summarized which 
advantages of wet ball milling compared to dry ball milling with respect to 
microstructure of hydrides are found and which kind of microstructure is beneficial 
for an enhanced hydrogen sorption kinetic. The mechanism of hydrogen sorption 
behaviour will be explained based on both experimental and modelling results. 
Besides, another solid material sodium alanate is used as hydrogen storage 
material in this work. The main motivation for studying sodium alanate is to outline 
its desorption behaviour dependent on temperature profiles and check whether wet 
ball milling can improve its hydrogen sorption behaviour as found for MgH2 powder. 
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Chapter 2 Theory of solid state hydrogen storage and model 
development 
2.1 Classification of solid hydrogen storage materials 
There are multiple classes of hydrogen storage materials. These classes store 
hydrogen by different methods. Generally the hydrogen storage materials are 
classified as follows: 
 Metal hydrides and complex hydrides 
Many metals and alloys are capable of reversibly storing large amounts of 
hydrogen and forming metal hydrides. In these, atoms of hydrogen can settle in 
tetrahedral or octahedral holes, called interstitial sites [17]. It is hard to define a strict 
criterion to distinguish interstitial hydrides from ionic and covalent hydrides. The high 
hydrogen capacities of interstitial hydrides, especially volumetric storage capacities in 
comparison to pure hydrogen and the high reversibility of the system have led them to 
be considered as hydrogen storage materials. 
 Organic chemical hydrides 
By utilizing hydrogen and dehydrogenation cycles of organic compounds, one can 
achieve storage of hydrogen [17]. For example decalin can store hydrogen with high 
capacities (7.3wt%, 64.8kgH2/m³). However, the energy and equipment requirements 
for the dehydrogenation reaction of the organic chemical hydrides are too expensive 
for on-board use. Recently there is a promising hydrogen storage group named metal 
organic frameworks (MOFs) consist of metal ions and clusters linked together by 
organic unit [25]. The extraordinary low density (1.00 to 0.20 g/cm3) and high surface 
area (500 to 4500 m2/g) of these materials make them as a candidates for the storage 
and separation of gases [26]. 
 Carbon materials 
Various forms of carbon such as graphite, nanotubes, and activated carbon with 
high surface area can be utilized for hydrogen storage. The single wall carbon 
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nanotubes can store 2.5-3wt% hydrogen [4, 27, 28]. the best activated carbon as 
reported, absorbed 4.8 wt% H at a temperature of 87 K and a pressure of 59 atm of 
hydrogen [29]. 
 Silica microspheres 
Hydrogen can be stored in hollow silica microspheres. At high temperatures (e.g. 
500°C), the wall of these microspheres is permeable to hydrogen, and at ambient 
temperatures the wall is impermeable to hydrogen [17]. High pressure hydrogen can 
be filled at high temperature and then they are locked inside by cooling. When needed, 
the trapped hydrogen can be easily released by heating [17]. 
As demonstrated in Chapter 1, the focus in this work is on the metal hydrides. 
2.2 Metal hydrides 
 Metal and metal alloys can combine with hydrogen to form metal hydrides by 
three different bond types: (1) ionic, (2) covalent, and (3) metallic [8]. This chapter 
mainly focuses on the metallic hydride and complex metal hydrides. Metallic hydrides 
are normally binary compounds, in which the hydrogen acts as a halogen and obtains 
an electron from the other metal to form a hydride ion (H-) to form the same stable 
orbital electron configuration of helium with two electrons filling up the s-orbital [30]. 
Chemical formula for binary ionic hydrides is generally presented by MHx, e.g. LiH 
or MgH2.  
2.2.1 The Lennard-Jones Potential curve 
The reaction between a metal and hydrogen can be expressed by the following 
reactions: 
                                (2.1) 
From the left to right side, this process is called absorption process, which can be 
described by a simplified one-dimensional Lennard-Jones potential curve [8, 31]. The 
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hydrogen molecules are firstly attracted to approach the metal surface due to the Van 
der Waals force, leading to the physisorbed state.  
 
Figure 2.1 Lennard-Jones potential of hydrogen approaching a metal surface [8]. 
 
Figure 2.1 shows physisorption happens at the interface between hydrogen 
atmosphere and metal surface, about one hydrogen molecule radius (0.2nm) from 
the metal surface [8]. Close to the metal surface, the hydrogen has to overcome an 
activation barrier (the intersection between blue dash and red solid lines) for 
dissociation and formation of the hydrogen metal bond. The height of the activation 
barrier depends on the surface elements involved. The top of the barrier is sometimes 
called the transition state, given by the nearest distance possible to a molecule 
approaching the surface before dissociation. Hydrogen atoms sharing their electron 
with the metal atoms at the surface are called chemisorbed hydrogen 
( molHkJEChem /50 ) [32]. Then the chemisorbed hydrogen atom can jump in the 
subsurface layer and finally diffuse and occupy the interstitial sites of the metal 
lattice.  
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2.2.2 Sorption mechanism and thermodynamics 
Figure 2.2 shows the individual steps during the reaction between hydrogen and 
metal including bulk process. The formation of the metal hydride can be divided into 
the following reaction steps:  
Dissociation and adsorption: The first step is the dissociation of hydrogen 
molecules and chemical adsorption of hydrogen atoms on the metal/hydride surface 
(see. Figure 2.2 a, b and c). 
Surface penetration: From the surface the hydrogen atoms can penetrate into the 
sub-surface (see Figure 2.2 d).  
Bulk diffusion: From the sub-surface, the hydrogen atoms can diffuse into the 
bulk to form a solid solution (see Figure 2.2 e). The formed metal hydrogen solid 
solution is called -phase. 
Hydride formation: Hydrogen atoms in the bulk of additional hydrogen atoms 
(the formed solid solution) can create hydride nuclei which can grow to larger hydride 
grains by trapping of additional hydrogen atoms (see Figure 2.2 f). The formed metal 
hydride is called -phase.   
Desorption is the reverse process, i.e. the hydride phase decomposes and hydrogen 
atoms diffuse in the bulk to the sub-surface and subsequently to the surface, where the 
hydrogen atoms recombine and desorb as H2 molecule.  
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(a) (b) (c)
(d) (e) (f)
 
Figure 2.2 Schematic mechanism of hydrogen absorption of metal [4,33] 
 
During the absorption of hydrogen with increasing hydrogen pressure first of all 
the diluted phase (-phase) is formed. In the diluted solution phase, a further pressure 
increase is needed to induce a higher hydrogen content. At a certain equilibrium 
hydrogen pressures the metal hydride -phase starts to form and two phases coexist. 
The -phase grows at the cost of the -phase. In the coexisting period, the pressure 
does not increase further until forming a complete -phase. Then a larger pressure 
increase is needed again to induce a higher hydrogen content. The hydrogen pressure 
at which the transition takes place at a given temperature is the so-called “plateau 
pressure” of the equilibrium between both phases [3]. For different isothermal 
sorption temperatures the plateau pressure obeys the Van’t Hoff equation, here take 
Mg as an example (here p0 is reference pressure, 105Pa): 
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where G0 is the standard change of Gibbs free energy, H0 is the standard enthalpy 
change and S0 is the standard entropy change during the phase transformation. p0 is 
the standard pressure, i.e. Pap 50 1001.1  . eqK  is the equilibrium constant at the 
absolute temperature T . R  represents the gas constant. 
With the equilibrium conditions, thermodynamic characteristics of the hydrogen 
sorption can be derived from a plot of ln[p/p0] vs 1/T (see Figure 2.3). The intercept 
with ln[p/p0] axis yields the sorption entropy, which amounts approximately to the 
standard entropy of hydrogen ( 110 130  molJKS  [43]). The slope of the plot is a 
measure of the sorption enthalpy, which is independent on the isothermal desorption 
temperature. 
 
Figure 2.3 The Pressure-Concentration-Isothermal/Temperature Plot (PCT) and corresponding 
Van’t Hoff Plot. The -phase is the solid solution of hydrogen and metal and -phase is the metal 
hydride phase [3]. 
2.2.3 Surface reactions 
Hydrogen absorption in metal hydrides mentioned in Chapter 2.2.2 involves two 
main steps: dissociation of the hydrogen molecule and transport of the chemisorbed 
hydrogen toward the subsurface and adjacent diffusion in the bulk (see Figure 2.2). 
From the diffusion data, it is known that hydrogen transport inside metal or metal 
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hydrides is fast enough to provide high hydrogen absorption and desorption rates at 
room temperature. However, most metal hydrides system show slow absorption and 
desorption rates. Thus it is concluded that dissociation and surface adsorption 
controlled by the surface properties are critical for determining the sorption kinetics.  
In order to improve the sorption kinetics, the first important step is to understand 
the surface structure and its corresponding properties. Generally the equilibrium 
position of atoms on the top surface is different from the normal lattice periodicity of 
the bulk corresponding to the minimum of the free energy of a crystal. The 
contraction between the top surface and subsurface is often ranging 5-10%. Generally 
the crystallographically open surfaces [fcc(110), bcc(111) and (211), hcp(1010)] are 
more susceptible to relaxation and reconstruction than the closed-packed surfaces 
[fcc(111), bcc(110)] [34]. 
With the increase of hydrogen pressure, the adsorbed H atoms form disordered or 
at lower temperatures ordered surface phases [8]. Experimental and theoretical 
evidence prove that the chemisorbed H atom occupy not only sites on top of the first 
metal atom layer, but also sites between and below top layer metal atoms. The 
subsurface H atom is generally accompanied by a strong surface reconstruction 
(surface hydride formation) and can be considered as an intermediate stage between 
metal hydrogen solution and bulk metal hydride.  
The deformation of the lattice structure during absorption of hydrogen in metals 
leads to the energy change of metals. When the hydrogen molecules approach to the 
surface of the metal, they are attracted by the weak van der Waals force leading to the 
so called physisorption. The corresponding heats of physisorption are very small 
(>-5kJ/molH2), and physisorption experiments are performed at low temperatures. 
Chemisorption of atomic hydrogen occurs through electronic bonding states formed 
by H 1s and metal states [35]. The heat of chemisorption is of the order of 
20-60kJ/molH [35]. Both hydrogen adsorption by the top surface, dissociation from 
molecules to atoms, and chemisorption are called surface activation, during which the 
activation barrier should be overcome.  
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The surface and bulk absorption processes are not completely separated. The 
coverage of the surface, and therefore the number of free active sites for dissociation, 
depends also on the concentration of hydrogen in the bulk [36, 37]. During hydrogen 
sorption, the concentration of hydrogen in the bulk as well as at the surface, changes 
until it reaches its equilibrium.  
2.2.4 Magnesium hydride 
Magnesium hydride is considered as one of the most interesting options for the 
reversible storage of hydrogen due to a high gravimetric storage capacity with the 
theoretical maximal value of 7.6wt%; almost four times higher than those of 
conventional room temperature interstitial hydrogen storage alloys such as AB5, AB 
and AB2 systems [38]. Its high abundance and low price are also in favour of 
automotive applications. However, its main drawbacks are its high sorption 
temperature (>300°C) and its sluggish sorption kinetics [39, 40]. 
Two promising methods have been applied in order to overcome these limitations: 
(i) improved kinetics is obtained by reducing the Mg particle size and by adding a 
catalyst [41] and (ii) thermodynamic destabilization is achieved by alloying with other 
elements. However, the sorption capacity is always reduced by improved 
thermodynamic and kinetic properties. For example, Mg2NiH4 shows improved [42]. 
Furthermore, improvements in sorption temperature of milled and doped magnesium 
compounds are often lost in the first few cycles of charging and discharging with H2, 
whereas the H2-storage materials need a lifetime of at least hundreds of cycles. In 
order to avoid sacrifices in hydrogen storage capacity, distorting the MgH2 lattice 
should be achieved with low amount of alloying or additives. Instead distorted lattice 
a lower sorption temperature is attained by high energy milling introducing lattice 
defects and decreasing the particle size of Mg or MgH2.  
During absorption of magnesium, as hydrogen is introduced into the hexagonally 
close-packed (HCP) Mg metal lattice, the H atoms initially occupy tetrahedral 
interstitial sites, forming the -phase [43]. Upon further addition of H, the - MgH2 is 
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formed. The - MgH2 phase has a body centre tetragonal lattice of rutile type, space 
group P42/mnm, with lattice parameters a = 0.452nm and c = 0.301nm [44,45] and a 
density of 3 31.42 10 kg m  Mg atoms are octahedcrally coordinated to six H atoms, 
while the H atoms are coordinated to three Mg atoms in a planar coordination [45]. 
When the - MgH2 is subjected to high compressive stress (7-8GPa), which might 
occur during high energy ball milling process, a new -phase is induced. - MgH2 has 
an orthorhombic structure with space group Pbcn and lattice parameters a = 0.453nm, 
b = 0.544nm, and c = 0.493nm [45, 46]. The packing and coordination of the Mg and 
H atoms are not affected by the transformation but the H octahedral surrounding each 
Mg atom are deformed, as the straight octahedral chains are in a zigzag form [43].  
2.2.5 Sodium alanate 
A novel approach for hydrogen storage is to combine the favourable kinetics and 
thermodynamics of conventional metal hydrides with that of the large hydrogen 
storage capacity of organic molecules such as CH4. The properties of a class of 
materials called alanates which have the chemical composition M(AlH4)n (M= Na, Li, 
K, Mg) are favorable for hydrogen storage, although the temperature of which 
hydrogen desorbs is high. 
Alanates are complex metal hydrides, the main difference between the alanates and 
metallic hydrides is the transition to an ionic or covalent compound upon hydrogen 
absorption. The hydrogen in the alanates is often located in the corners of a 
tetrahedron with Al in the center. The negative charge of the anion, [AlH4]-1, is 
compensated by a cation, e.g. Li or Na. The hydride complexes of the 
tetrahydroaluminates are known to be stable and decompose only at elevated 
temperatures, often above the melting point of the complexes. Among alanates 
sodium alanate (NaAlH4) is a promising material for hydrogen storage with a 
theoretical reversible storage capacity of about 5.5wt%. It is one of the known 
complex hydride with favourable thermodynamics and an acceptable gravimetric 
storage capacity for use in conjunction with a polymer electrolyte membrane (PEM) 
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fuel cell system, which operates at about 90°C. Reversibility kinetics of NaAlH4 is 
improved upon addition of titanium and/or zirconium dopants, which causes a 
dramatic decrease in the primary crystal size. Hydrogen is released from NaAlH4 in 
two steps [47]: 
2634 323 HAlAlHNaNaAlH    (3.7wt% hydrogen released) 
263 5.13 HAlNaHAlHNa      (another 1.8wt% hydrogen released) 
Thus, NaAlH4 first decomposes to evolve molecular hydrogen and forms an 
intermediate compound Na3AlH6, which further decomposes to NaH with the 
formation of additional metallic aluminium and hydrogen. The first reaction could 
happen at above 180°C with desorption of 3.7wt% hydrogen, whereas the second 
reaction takes place about 240~250°C and can release an additional 1.8wt% hydrogen 
[48]. Absorption is preferably done at 10MPa and slightly above 100°C. The kinetics 
are faster at higher temperatures, but a drawback is the increase in the hydrogen 
equilibrium pressure with increasing temperature. Therefore, a compromise between 
fast rate and equilibrium processing is needed.  
In 1997 it was discovered that the kinetic barriers for the hydrogen uptake of the 
material can be lowered considerably when a transition metal promoter is added to the 
alanate [49]. The first attempts to introduce the catalyst were made using wet 
impregnation techniques with Ti tetra-n-butylate (Ti(BuO)4) and Fe ethylate 
(Fe(OEt)2), dissolved in toluene and diethylether [48]. Numerous other materials 
including rare earth compounds were also investigated [48].  
Besides wet impregnation, the catalyst can also be incorporated by adding the 
precursor to the alanate and ball-milling the mixture under inert conditions [50, 51]. 
This technique was applied in screening experiments with many elements and 
confirmed early results which had indicated that Ti based promoters are most active 
for the hydrogen exchange [52, 53, 54]. Furthermore, it was shown in cycling 
experiments that the TiCl3 loading had a negative effect on the H2 capacity. In 
contrast, the TiCl3 loading had a positive effect on the dehydrogenation kinetics, 
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which increased with increasing TiCl3 loading. However, a full understanding of how 
and why Ti can lower the hydrogen desorption temperature is not fully obtained.  
According to a theoretical study on the role of Ti in diminishing the hydrogen 
binding energy in the crystalline sodium alanate (NaAlH4) has been determined. This 
effect is one of the main contributions to a decrease in the hydrogen desorption 
temperature. But what is the mechanism of Ti effecting in the sodium alanate is still 
not clear. A number of experiments involving x-ray diffraction, neutron and Raman 
scattering, and electron spectroscopy have yielded controversial results. While some 
of them suggest that Ti occupies the Na sites in the bulk lattice, others report the 
presence of Ti on the surface in the form of amorphous Ti-Al alloys. A recent 
experiment result has even suggested that Ti must diffuse in the bulk during the 
absorption/desorption cycling. 
2.3 Evaluation of hydrogen storage capacity 
The different procedures for the determination of the amount of gas absorbed or 
desorbed may be divided into two groups: (a) through measuring pressure change in 
gas phase, i.e. gas volumetric methods and (b) through direct determination of change 
in mass by gravimetric methods. Actually, both methods are adequate for measuring 
hydrogen sorption kinetics. 
In this part, the two different principles for measuring hydrogen sorption kinetics 
will be introduced detailed. A comparison will give the respective advantages and 
disadvantages. Based on each principle, the corresponding instrument available will 
be introduced here.  
2.3.1 Static volumetric principle 
In the static volumetric determination a known quantity of gas is usually admitted 
to a confined volume, maintained at constant temperatures. As absorption takes place, 
the pressure in the certain volume falls until equilibrium is established. The amount of 
hydrogen absorbed can be calculated from the change of the pressure in a fixed 
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volume and under constant temperatures with the aid of the gas laws. The volume of 
the dead space must, of course, be known accurately: it is obtained by pre-calibration 
of the confined volume filled with helium (calculated from its pressure).  
If the establishment of equilibrium is sufficiently fast, this method may be 
regarded as equivalent to a ‘static’ procedure, e.g. at a slow and constant rate under 
quasi-equilibrium conditions. 
The desorption, which is the reverse procedure of absorption, is also measured 
with the same principle. Before the starting of desorption, the confined volume is 
evacuated. And then temperature is heated up to the definite value and the pressure in 
the confined volume increases until equilibrium is established. The amount of 
hydrogen desorbed from material is also calculated through the pressure increase in a 
fixed volume and under constant temperature with the help of gas laws. 
The instrument BELSORP-HP used in this work is based on the volumetric 
principle. The measurement temperature ranges from room temperature to 400°C 
using a small heater and up to 800°C for the bigger one. The loading pressure can 
reach up to 12MPa. As adsorption gas as in addition to H2 also N2, Ar, CO2, CH4 and 
other inert gases can be used. In this work, H2 works as the adsorption gas for the 
experiments of hydrogen storage materials.  
2.3.2 Thermogravimetry 
In a gravimetric instrument the mass change of the sample is directly measured in 
order to determine the desorption rate. The main difficulty when using conventional 
gravimetric instruments is the direct connection of the measuring cell (sample 
atmosphere) to the weighing instrument. The balance can be damaged or disturbed by 
the measuring atmosphere, which can be adversely affected by flushing gases and 
pollution. These limitations considerably reduce the field of applications of 
conventional measuring devices.  
The ISOsorp instruments from Rubotherm Präzisionsmesstechik GmbH are 
gravimetric adsorption and/or absorption analysis. The ISOsorp instruments are 
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equipped with Rubotherm’s patented “Magnetic Suspension Balance” so that they can 
perform highly precise gravimetric sorption measurements with different gases a large 
pressure and temperature range.  
2.4 Modelling  
2.4.1 Background of modelling  
Kinetics of hydrogen desorption and absorption from the metal hydrides (MH) is a 
complex process which involves gaseous hydrogen and two (-solid solution of 
hydrogen in the metal and a -hydride) or more solid H-containing phases. Hydrogen 
desorption includes processes (elementary stages) proceeding in the bulk (phase 
transformation and bulk diffusion) and in the surface layer (recombination of 
hydrogen molecules). Since each stage contributes to the overall process, the slowest 
process is the rate-limiting process. 
The most frequently applied model of the kinetics of phase transformations 
relevant to the process of H desorption was proposed by Avrami [55] and Johnson and 
Mehl [56]. The model is based on the approach describing the kinetics as nucleation 
and growth of the nuclei of a new phase within the bulk of the matrix phase as the 
rate-limiting step.  
Then Rudman [57] has extended this approach to apply it to the metal-hydrogen 
systems considering hydrogen diffusion as the rate-limiting process for the kinetics of 
desorption.  
Mintz and Zeeri [58] further developed this approach. Their analysis extended a 
consideration of the conventional case of a shrinking core moving with a constant 
velocity of an interface to include two more complex situations: 
(i) shrinking core moving with decelerating velocity; the process is controlled 
by hydrogen diffusion through the growing layer of the product; 
(ii) random multiple nucleation and growth of the new phase in the bulk 
material.  
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In addition, and for the first time, the factors causing deviation of the kinetic 
characteristics of the absorbed powders from behaviour of a single hydride particle 
were taken into account. The influence of the: (i) particle size distribution; (ii) particle 
shape variations; (iii) time delay in the beginning of the desorption process in the 
specific particle compared to the average process in the powder were considered.  
Recently, Castro and Meyer [59] have studied kinetics of hydrogen desorption by 
modelling of the spectra of hydrogen thermal desorption. Here, the desorption is 
described in a rather general way. They related four alternative rate-limiting steps 
including: 
(i) bulk diffusion; 
(ii) phase transformation; 
(iii) bulk to surface transfer; 
(iv) H-H recombination on the sample surface. 
However, for practical purposes, it is very difficult to apply general models 
similar to those presented above to describe the experimental thermal desorption 
spectra for the specific metal-hydrogen systems. One reason for that is the ambiguity 
of the interpretation of the results in the case of the overlapping rate-limiting stages. 
Up to the present model fitting method is extensively used to study the kinetic 
mechanism of gas-solid reaction including desorption/absorption reactions in 
hydrogen storage alloys. Although many studies on the kinetic mechanisms of 
absorption reaction were performed, due to the complex heterogeneous solid-gas 
properties of the desorption/absorption reaction, the theoretical investigation on the 
hydrogen absorption and desorption of kinetics in MgH2 based alloys is still not 
satisfactory in comparison with the experimental study. There are basically three 
models describing different critical kinetic steps during absorption behaviour: 
 (1) Surface reaction model 
In the surface reaction model the chemisorption is the critical step of the sorption 
process, e.g. dissociation of hydrogen molecules during absorption and recombination 
of hydrogen molecules during desorption [43]. The transformed fraction   s 
proportional to the sorption time: 
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kt                                                                       (2.3) 
Where k  is the reaction rate and independent on t . 
(2) The Johnson-Mehl-Avrami (JMA) model  
The JMA model describes the nucleation of randomly dispersed second phase 
particles independently from location, i.e. surface or bulk. The growth rate k of new 
phase is controlled by temperature and is independent of time [58,60]. Its equation is: 
  ktn  /1)1ln(                                                            (2.4) 
where n  depends on the dimensional growth of new phase, e.g. 2n  or 3n  
correspond to two- or three-dimensional growth of the existing nuclei, respectively. It 
is only valid when the nucleation rate is not time dependent. Under both situations, 
the rate-limiting step is the moving of the metal/metal hydride interface [60] under the 
assumption that the hydrogen diffusion is quick enough.  
(3) Contracting volume (CV) model 
As mentioned above in JMA model the nucleation and growth of the new phase 
start randomly on the particle surface or in the bulk, i.e. there is no priority on the 
surface of the existing particles. However, in CV model, nucleation starts from the 
surface of the existing particles and then continuous growth towards the bulk. In this 
case, when hydrogen diffusion is not rate-limiting step, when the growth of new phase 
has the constant interface velocity, the kinetics corresponds to [60]: 
  ktn  /111                                                           (2.5) 
where 2n  or 3n depends on two- or three-dimensional growth of the new 
phase, respectively.  
 When hydrogen diffusion is the rate-limiting step, the metal/hydride interface 
doesn’t move with constant velocity but with a decreasing velocity with growth of the 
new phase. In this case, the velocity is described as [60]: 
kt




 3/2)1(
3
21                                                      (2.6) 
The different kinetics equations are listed in Table 2.1 summarized by 
G.Barkhordarian et al.[60]: 
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Table 2.1 Kinetic equations in different situations [60] 
Kinetic equation Situation description 
kt  Surface reaction model (chemisorption) [58,60] 
  kt 3/1)1ln(   JMA model: three dimensional growth of existing nuclei with 
constant velocity of metal/hydride interface movement [58, 
61] 
  kt 2/1)1ln(   JMA model: two dimensional growth of existing nuclei with 
constant velocity of metal/hydride interface movement [58, 
60,61] 
kt 3/1)1(1   CV model: three dimensional growth of existing nuclei with 
constant velocity of metal/hydride interface movement [58,60]
kt 2/1)1(1   CV model: two dimensional growth of existing nuclei with 
constant velocity of metal/hydride interface movement [58,60]
kt




 3/2)1(
3
21   CV model: three dimensional growth of existing nuclei with 
decreasing velocity of metal/hydride interface movement, i.e. 
diffusion controlled [58,60] 
 
2.4.2 Chou’s model 
Chou’s model has further simplified the shrinking model for absorption. The 
model was built up based on the metal with initial absorption process. Figure 2.4 
shows the geometry for a model of reaction between hydrogen gas and spherical 
metal particle. A general mechanism of absorption reaction for a particle can be 
described as the following seven steps, they are [62]: 
i. Hydrogen in the bulk gas phase transfers to the surface of the metal particle; 
ii. Hydrogen diffusion through the boundary layer between gas phase and solid 
particle; 
iii. Physisorption of hydrogen molecules on the solid surface; 
iv. Dissociation of hydrogen molecules and chemisorption; 
v. Surface penetration of hydrogen atoms; 
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vi. Diffusion of hydrogen atoms through the hydride product layer to the 
hydride/metal interface; 
vii. Chemical reaction and nucleus formation producing hydride.    
                    
Figure 2.4 Geometry for the model description of the reaction between hydrogen gas and metal 
particle. 
 
Chou thought the above seven steps are basically enough to describe the 
mechanism of absorption process from the point of view of the mathematical 
formalism. In most cases, only two steps (v) and (vi) could be the rate-controlling 
steps because the “penetration of hydrogen atoms” and “the diffusion of hydrogen 
atoms through hydride layer” are slower than others. In his model, all powders of 
metal or alloy are assumed to be spherical balls with the same density and radius as 
shown in Figure 2.4 where  represents metal phase with radius of r,  is hydride 
layer with thickness of x. The whole particle is a ball of radius R0. The transferred (or 
reacted) fraction of hydride  at radius r and time t can be calculated in the light of the 
following equation: 
3
0
1 






R
r                                                       (2.7) 
Through differentiation of Eq. (2.5) with respect to time t,  
dt
dr
R
r
dt
d
3
0
23

                                                      (2.8) 
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where the derivative of radius r corresponding to time is proportional to the rate of 
absorption process, i.e., 
mv
rV
dt
dr )(
                                                         (2.9) 
where V is the reaction rate (velocity of boundary movement) and mv  is a constant 
coefficient that depends on the density of the storage material. Combining Eqs. (2.7) - 
(2.9), 
mv
rV
Rdt
d )()1(3
0
3
2
 
                                               (2.10) 
With the initial condition, 0,0  t , and the characteristic reaction time ct , which 
means the required time for completion of the adsorption reaction and is defined as: 
V
Rvt mc 0                                                         (2.11) 
The transferred fraction of hydride   can be expressed as: 
3)1(1
ct
t
                                                     (2.12) 
In general case, steps (i) and (ii) are much faster than others so that they are ruled 
out from Chou’s consideration. For other steps becoming rate-controlling, the 
characteristic reaction time can be derived  
2.4.3 Introduction of own model for hydrogen sorption 
The shrinking model is also used in our work. The initial material in our own 
experiments is MgH2 not Mg thus the modelling started from the hydrogen desorption. 
At the beginning of the hydrogen desorption, the hydrogen atoms on the top surface 
of the particles are first separated from the Mg hydride to form the Mg hydrogen solid 
solution, i.e. -phase. And then the desorbed hydrogen atoms form the hydrogen 
molecules on the surface which are released into the atmosphere. With the growth of 
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-phase, there is a -phase shell formed around the core of the -phase (see Figure 
2.5a).  
The absorption of Mg is the reverse situation. At the beginning of the absorption, 
the hydrogen molecules are physisorbed on the top surface of the particles due to the 
van der Waals force and then the hydrogen molecules dissociate into hydrogen atoms. 
The Mg atoms on the top surface of the particle will firstly combine with hydrogen 
atoms to form the -phase. With the growth of -phase, a shell of -phase is formed 
around the core of the -phase (see Figure 2.5b).  
 
-phase
-phase
H2 gas
(a)  
H2 gas
-phase
-phase
(b)  
Figure 2.5 Shell model of (a) hydrogen desorption and (b) hydrogen absorption of MgH2 particles 
 
In this model the particle sizes distribute homogeneously and the particle size is 
characterized with the characteristic size radius d. The rate of the total hydrogen 
permeation is therefore proportional to the surface area S, i.e. ~ d2, and the hydrogen 
content of the particle is proportional to its volume V, ~ d3. From these suggestions it 
is to expect that the characteristic sorption time  (especially for short time intervals) 
depends linearly on the characteristic particle size d , i.e. d~ . The characteristic 
sorption time  is defined as the time for full completion of the sorption, i.e. from the 
beginning of sorption to the sorption completion. Thus the characteristic sorption 
times of two particles 1 and 2 are expected to relate to each other like their 
characteristic particle sizes, 2121 /~/ dd .  
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In our own modelling of hydrogen desorption behaviour, the real experimental 
conditions are taken into account. For example, the temperature distribution in the 
instrument and the influence of hydrogen pressure inside of the sample holder. The 
temperature inside of the sample holder and the instrument is not homogeneous and 
the temperature point where the pressure sensor is located is cooler than the real 
sample temperature of point where sample is located. Thus if the pressure value 
shown by the sensor will be used for the modelling, the temperature difference should 
be considered. Besides, the BELSORP-HP is based on the volumetric principle. 
During the whole desorption process, the desorbed hydrogen stayed in the closed 
volume which is connected to the sample. Thus with the desorption progressing, the 
hydrogen pressure around the sample increases, which increases the reverse reaction 
rate and finally blocks the further desorption. The large amount of sample is used for 
the desorption experiment, the higher hydrogen pressure will be observed during the 
desorption inside the sample holder. To take into account the influences of the reverse 
reaction, i.e. absorption, the sample mass is also considered in our own model. Thus 
the modelling of hydrogen desorption predicts two different regions: (a) the desorbed 
hydrogen pressure is low and the hydrogen desorption follows a linear kinetic; (b) 
desorbed hydrogen pressure is high enough and the desorption processing is close to 
the degassing equilibrium.  
The ratio of 3/ VS  is dependent on geometry/morphology of the particle. It is 
2.684 for particle with tetrahedron geometry and 2.199 for spherical geometry 
showing the influence of the surface area. From the comparison of modelling and 
experimental results, the relationship between desorption kinetics and specific surface 
area of particles will be concluded.  
The detailed building up the model and the description of the basic equations will 
be introduced in Chapter 4.3. 
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Chapter 3 Experimental methods 
In this thesis a new method to produce nano-structural powder is introduced, 
which is different from the traditional dry ball milling. The new method is wet ball 
milling of hydrogen storage powder to produce stable suspension first, and then based 
on the suspension, nano-structured hydrogen storage powder, which has certain 
benefits for hydrogen sorption properties. 
3.1 Suspension production and characterization 
As briefly introduced above, the first step for the production of nano-structural 
hydrogen storage powder with the new method is to produce nano-structural stable 
suspension with the high energy ball milling. Thus in this chapter the milling process 
and its corresponding parameters are described first.  
3.1.1 Mechanical alloying and mechanical milling 
The most typical processing techniques to produce the nanocrystalline hydrogen 
storage powder are mechanical alloying (MA) or mechanical ball milling (MM) [63]. 
Mechanical alloying (MA) describes the process when mixtures of powders (different 
metals or alloys/compounds) are milled together. During this process material transfer 
is involved to obtain a homogeneous alloy. On the other hand, for the milling uniform 
(often stoichiometric) composition powders, such as pure metals, intermetallics, or 
pre-alloyed powders are used. No material transfer happens in the process of 
mechanical milling (MM) [64]. Generally the time of mechanical milling is shorter 
than that of mechanical alloy. In this work the aim is improve the microstructure of 
MgH2 particles but not to form a new alloys. Thus in this work the processing is 
mechanical milling. 
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3.1.1.1 Types of mills 
Different types of high-energy milling equipment are used to produce 
mechanically milled powders. They differ in their capacity, efficiency of milling and 
additional arrangements for cooling, heating, etc. A brief description of the different 
mills is listed below. 
 SPEX shaker mills 
Shaker mills such as SPEX mills (see Figure 3.1), which mill about 10-20g of the 
powder at a time, are most commonly used for laboratory investigation [64]. This 
kind of mill has one vial, containing the sample and grinding balls, secured in the 
clamp and swung energetically back and forth several thousand times a minute. The 
back-and-forth shaking motion is combined with lateral movements of the ends of the 
vial, so that the vial appears to be describing a figure 8. With each swing of the vial 
the balls impact against the sample and the end of the vial, both milling and mixing 
the sample. Because of the amplitude (about 5cm) and speed (about 1200rpm) of the 
clamp motion, the ball velocities are high (on the order of 5m/s) and consequently the 
colliding force of the ball on the powder is large. Therefore, these mills can be 
considered as high-energy mills [64].  
The most recent design of the mills has provision for simultaneously milling the 
powder in two vials to increase the throughput. A variety of vial materials is available 
for the SPEX mills and these include hardened steel, alumina, tungsten carbide, 
zirconia, stainless steel, silicon nitride, agate, plastic, and methacrylate [64].  
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Figure 3.1 Schematic of SPEX 8000 mixer/mill in the assembled condition [64]. 
 
 Planetary ball mills 
Another popular mill for conducting MA or MM experiments is the planetary ball 
mill in which a few hundred grams of the powder can be milled at a time. The 
planetary ball mill owes its name to the planet-like movement of its vials. These are 
arranged on a rotating support disk and a special drive mechanism causes them to 
rotate around their own axes [64] (see Figure 3.2). The centrifugal force produced by 
the vials rotating around their own axes and that produced by the rotating support disk 
both act on the vial contents, consisting of material to be ground and the grinding 
balls. Since the vials and the supporting disk rotate in opposite directions, the 
centrifugal forces alternately act in like and opposite directions (see Figure 3.3). This 
causes the grinding balls to run down the inside wall of the vial – the friction effect, 
followed by the material being ground and grinding balls lifting off and travelling 
freely through the inner chamber of the vial and colliding against the opposing inside 
wall-the impact effect [64].  
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Figure 3.2 Schematic of planetary ball mill in the assemble situation in this work 
 
 
 
Figure 3.3 Schematic depicting the ball motion inside the ball mill [64]. 
 
 Attritor mills 
A conventional ball mill consists of a rotating horizontal drum half-filled with 
small steel balls. As the drum rotates the balls drop on the metal powder that is being 
ground; the rate of grinding increases with the speed of rotation [64]. At high speeds, 
however, the centrifugal force acting on the steel balls exceeds the force of gravity, 
and the balls are pinned to the wall of the drum. At this point the grinding action stops. 
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To overcome this drawback from conventional ball mill the attritor mills are used. 
Attritors can mill large quantities of powder (from about 0.5 to 40kg) at a time [64]. 
An attritor (a ball mill capable of generating higher energies) consists of a vertical 
drum with a series of impellers inside it. Set progressively at right angles to each other, 
the impellers energize the ball charge, causing powder size reduction because of 
impact between balls, between balls and container wall, and between balls, agitator 
shaft, and impellers (see 
Figure 3.4) [64]. Some size reduction appears to take place by interparticle 
collisions and by ball sliding. A powerful motor rotates the impellers, which in turn 
agitate the steel balls in the drum.  
 
 
 
Figure 3.4 Schematic of (a) Model 1-S attritor. (b) Arrangement of rotating arms on a shaft in the 
attrition ball mill. [64] 
 
In this work, due to the mass of powder and high rotation speed wanted, the 
planetary ball milling is used to improve the microstructure of the powder.  
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3.1.1.2 Milling variables 
Mechanical ball milling is a complex process and hence involves optimization of a 
number of variables to achieve the desired product phase and/or microstructure. 
Except the type of mill, some of the important parameters that have an effect on the 
final constitution of the powder are [64]: 
 Milling container 
The material used for the milling container (grinding vessel, vial, jar, and bowl etc) 
is important due to the impact of the grinding medium on the inner walls of the 
container; some material will be dislodged and get incorporated into the powder [64]. 
This can contaminate the powder or alter the chemistry of the powder. Hardened steel, 
tool steel, hardened chromium steel, tempered steel, stainless steel, WC-Co, WC-lined 
steel [65], and bearing steel are the most common types of materials used for the 
grinding vessels. In this work hardened steel was used as container material. And the 
milling container can be tightly sealed by screws. 
 
Figure 3.5 Photo of one of the hardened steel milling containers used in this work 
 
 Milling speed 
Typically it is realised that the faster the mill rotates the higher is the energy input 
into the powder. But depending on the design of the mill there are certain limitations 
for the employed maximal speed [64]. For example, in the normal mill the moving 
speed of the milling balls increase with the increasing rotation speed of the mill. 
Chapter 3. Experimental Methods                                            
 36
Above a critical speed, the balls will be pinned to the inner walls of the vial and do 
not fall down to exert any impact force. Therefore, the maximum speed should be just 
below this critical value so that the balls can produce the maximal collision energy 
[64].  
Another limitation to the maximum speed is that at high speeds (or intensity of 
milling), the temperature of the vial may reach a high value. This may be 
advantageous in some cases where diffusion is required to promote homogenization 
and/or alloying in the powders. But, in some cases, this increase in temperature may 
be a disadvantage because the increased temperature accelerates the transformation 
process and results in the decomposition of supersaturated solid solutions or other 
metastable phases formed during milling [66]. Additionally, the high temperatures 
generated may also lead to the grain growth. It has been reported that during 
nanocrystal formation, the average crystal size increases and the internal strain 
decreases at higher milling intensities due to the enhanced dynamical recrystallization 
[67]. The maximal temperature reached is different in different types of mills and the 
values vary widely.  
 Milling time 
The time of milling is the most important parameter. Normally the time is so 
chosen in such a way that a steady state between the fracturing and cold welding of 
the powder particles is achieved [64]. The times required vary depending on the type 
of mill used, the intensity of milling, the ball-to-powder ratio, and the temperature of 
milling. These times have to be decided for each combination of the above parameters 
and for the particular powder system. However, it should be realized that the level of 
contamination increases and some undesirable phases form if the powder is milled for 
times longer than required [68]. Therefore, it is desirable that the powder is milled for 
the proper duration. In this work the milling time varied between 24h and 72h.  
 Grinding medium 
Hardened steel, tool steel, hardened chromium steel, tempered steel, stainless steel, 
WC-Co, and bearing steel are the most common types of materials used for the 
grinding medium (milling ball). However, some special materials are used for the 
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grinding medium and these include copper, titanium, niobium, zirconia, agate, yttria 
stabilized zirconia (YSZ), etc.  
The size of the milling ball also influences the milling efficiency. Generally 
speaking, a large size (and high density) of the milling balls is useful since the larger 
weight of the balls will transfer more impact energy to the powder particles [64]. 
Throughout this work YSZ milling balls with diameter 2mm and 5mm were used. 
 Ball-to-powder weight ratio 
The ratio of the weight of the milling balls to the powder (BPR), sometimes 
referred to as charge ratio (CR), is an important variable in the milling process. The 
BPR has a significant effect on the time required to achieve a particular phase in the 
powder being milled. The higher the BPR, the shorter is the milling time required. 
With a high BPR, because of an increase in the weight proportion of the balls, the 
number of collisions per unit time increases and consequently more energy is 
transferred to the powder particles [64]. In this work, BPR of 5:1 and 10:1 were used 
in comparision. 
 Milling atmosphere 
As during milling the surface of the powder is highly activated, a reaction between 
powder surface and the milling atmosphere might take place. As a protection of the 
powder the milling containers are always filled with the pure argon or helium [64].  
 Suspension solvent 
The most common solvent is water. Other commonly-used solvents are organic 
chemicals [64]. These organic solvent usually have low boiling-point and evaporate 
easily, leaving the dissolve substance behind. Due to high reactivity of hydrogen 
storage material with water, organic solvent are used to produce suspensions. In this 
work, two kinds of solvents n-hexane and tetrahydrofuran (THF for short later) were 
used for comparison. Hexane has a chain structure (see Figure 3.6), and is frequently 
used as an inert solvent because it is non-polar [69]. THF is a moderately polar 
solvent and can dissolve a wide range of nonpolar and polar chemical compounds [70, 
71]. Solvent polarity is defined and measured in several different ways, one of the 
most common method is the description by the dielectric constant, . High dielectric 
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constant solvent usually have high dipole moments. When subject to the electric field 
of an ion, such polar molecules orient themselves to oppose the field, and shield it 
[69].  
(a)
           
(b)
     
Figure 3.6 Molecular schematic of (a) n-hexane and (b) THF. White ball represents H atom, 
black ball represents C atom and red ball states for O atom.  
3.1.2 Suspension production 
In this work, hydrogen storage materials such as MgH2 and NaAlH4 powder were 
used as starting material. The initial magnesium hydride powder (90 % purity; the rest 
being metallic magnesium) was purchased from ACROS ORGANICS and the initial 
sodium aluminium hydride (93% purity) was purchased from Sigma Aldrich. In the 
traditional high-energy ball milling process, Mg hydride is ball milled in various types 
of vials filled with inert gas and the whole process is totally dry. In contrast, wet ball 
milling, as the name suggests, implies the help of solvent as n-hexane or 
tetrahydrofuran. In our studies, n-hexane and tetrahydrofuran (THF) were purchased 
from Sigma Aldrich (n-hexane with 95% purity and water < 0.005%, THF without 
water and inhibitors and  99.5 % purity). 
In Chapter 3.1.2, the most important milling parameters were introduced, which 
significantly influence on the suspension characteristics and further on the evaporated 
powder characteristics. However, not all the milling parameters mentioned in 
Chapter 3.1.2 were variable in this work, only some have to be determined. All the 
pre-treatment for ball milling was done in a glovebox which was filled with argon 
atmosphere. Thus the milling container was also filled with argon atmosphere, i.e. 
milling atmosphere, which can prevent the oxidation and contamination of MgH2 
powder. The mill type was planetary ball mill with milling speed of 260rpm. The 
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milling vial was made of hardened steel with sealed cover and the corresponding 
grinding medium was YSZ in order to avoid the contamination of Fe in the MgH2 
powder. N-hexane and THF were selected as suspension solvent in order to compare 
the influence of unpolar and polar solvent on the characteristics of MgH2 suspension. 
Thus the main variable milling parameters were milling time, ball-to-powder weight 
ratio (BPR) and size of grinding medium.  
At the beginning n-hexane was used as the suspension solvent, four MgH2 
suspensions based on the different milling parameters were produced (see Table 3.1). 
For all the samples here the ball milling time was 72h.  
 
Table 3.1 MgH2  n-hexane Suspensions after 72h milling with different milling parameters  
  
In comparison, MgH2 THF based suspensions with 20wt%, 30wt%, 40wt% and 
50wt% MgH2 powder were also produced with the same method as mentioned above. 
For ball milling MgH2 THF suspensions the BPR was 10:1 and only 5mm diameter 
YSZ milling balls were used. The ball milling time was also 72h.  
In order to test the influence of catalysts on the hydrogen sorption of MgH2, wet 
ball milled MgH2 with catalysts THF suspensions were also produced.  
Except the MgH2 powder and THF purchased from the same company as 
previously, the catalysts niobium ethoxide (Nb2O5 with 99.95% purity), vanadium (V 
with -325 mesh and 99.5% purity) were purchased from Sigma Aldrich. Single-wall 
Suspension No. MgH2 mass percentage 
in suspension 
BPR(ball-to-powder 
weight ratio) 
YSZ grinding balls size 
No.4-1 20% 5:1 Both 5mm and 2mm diameter YSZ 
milling balls with weight ratio 7:3 
No.4-2 50% 5:1 Both 5mm and 2mm diameter YSZ 
milling balls with weight ratio 7:3 
No.4-3 50% 10:1 Both 5mm and 2mm diameter YSZ 
milling balls with weight ratio 7:3 
No.4-4 50% 10:1 Both 5mm and 2mm diameter YSZ 
milling balls with weight ratio 1:1 
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carbon nanotubes are supplied by Bayer MaterialScience AG (Product name is 
BAYTUBES C 150 P).  
As-received MgH2 powder, one kind of the above catalysts and THF organic 
solvent were mixed. The weight of the MgH2 powder and catalyst is 20wt% of the 
mixture. Wet ball milling was performed for 72h under an Ar atmosphere in Fritsch 
planetary mill with YSZ balls (diameter=5mm) in a hard steel vial and with a ball to 
powder weight ratio of 10:1. All the before and after ball milling handling was 
performed in Glovebox with Ar atmosphere.  
Besides, the nano-sized NaAlH4 THF suspension was also produced with same 
method. 20wt% of as received NaAlH4 and THF solvent were also milled in the 
hardened steel vial for 24h. YSZ milling balls had the diameter of 5mm and BPR was 
10:1. Then the produced wet ball milled NaAlH4 THF suspension was separated from 
YSZ balls under Ar atmosphere supplied in a glovebox.. 
 3.1.3 Viscosity measurement 
The viscosity of the MgH2 THF suspensions with different weight percentages of 
MgH2 powder was measured by the Physica Rheometer MCR100 (Anton Paar, 
Ostfildern, Germany). The rheometer measures the rheology of a liquid, suspension or 
slurry in response to the applied forces. There are two types of rheometers depending 
on the geometry of applied stress [72]. Rheometers that deal with shear stress are 
called shear rheometers, whereas rheometers that apply extensional stress are 
extensional rheometers. Physica Rheometer MCR100 (see Figure 3.7) is a shear 
rheometer. 
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In the experiments, the MgH2 THF 
suspensions were placed within the 
annulus of one cylinder inside another. 
One of the cylinders rotated with a setting 
speed, which determined the shear rate 
inside the annulus. At this moment the 
suspension tended to drag the other 
cylinder around. The force which 
suspension exerted on the latter cylinders 
was measured and recorded by the 
software and converted to shear stress.  
In a Newtonian fluid, the relation 
between the shear stress and the strain 
rate is linear. The ratio of them is defined as viscosity.  
 sPa 



                                                        (3.1) 
where   is viscosity with the unit [ sPa  ],  is shear stress and   is strain rate 
with the unit of Pa  and 1s , respectively.  
All other fluids which donÿt show this Āidealā flow behaviour are called 
non-Newtonian fluids. In a non-Newtonian fluid, the relation between shear stress and 
the strain rate is nonlinear, and sometimes dependent on time. Viscosity is defined as 
the ratio of shear stress and strain rate. 
For Newtonian fluid, viscosity is a constant (see Figure 3.8) while for 
non-Newtonian fluids, it is not a constant any more but time dependent. 
Non-Newtonian fluids can be divided into three different fluids: 
(1) Pseudoplastic fluids 
When the strain rate increases, their viscosity decreases (see Figure 3.8) 
(2) Dilatant fluids 
When the strain rate increases, their viscosity also increases (see Figure 3.8) 
 
Figure 3.7 Schematic of Physica Rheometer 
MCR100. 
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Figure 3.8 Viscosity curve of different kinds of fluids. 
   
3.1.4 Particle size measurement 
The particle size of MgH2 THF suspension was measured by Horiba LB-550 
(Retsch Technology GmbH, Haan, Germany). It uses scattered laser beam and the 
“Fourier-Transform/Iterative Deconvolution” technique to provide accurate results 
not only for average particle size, but also for distribution shape [73]. It can measure 
particle size over the range of 1nm-6000nm. Horiba’s original optical design makes it 
possible to perform measurements over a wide range of concentrations, from the ppm 
level up to 40% solids.  
The working principle of Horiba LB-550 is shown in Figure 3.9. The focal point 
of the laser beam is brought as close as possible to the inner wall of the cell. This 
suppresses the effects of multiple scattering in highly concentrated samples and still 
provides sufficient signal strength for lower concentration samples because the 
scattered light is not attenuated by passing through a large volume of the sample 
dispersion. The angle of irradiation into the cell is also carefully controlled, 
eliminating the effects of stray and reflected light. This increases the signal-to-noise 
ratio and the ability of the LB-550 to measure diluted samples. 
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Figure 3.9 Schematic and working principle of Horiba LB-550 
 
3.2 Powder production and characterization 
3.2.1 Powder Production 
The wet ball milled MgH2 / NaAlH4 suspensions were filtered and separated from 
the YSZ milling balls. Due to low boiling point of n-hexane and THF, they can easily 
evaporate. Then the evaporated MgH2 / NaAlH4 pieces were milled in a mortar to 
form nano-structured powder. In order to compare, the dry ball milled MgH2 / 
NaAlH4 powder with the same ball milling parameters was also produced. The dry 
ball milled MgH2 / NaAlH4 powder were also separated from YSZ milling balls by 
sieving. All these treatments were operated in a glovebox. 
3.2.2 X-Ray Diffraction (XRD) 
The phase composition and microstructure of the powders was analyzed by X-ray 
diffraction (XRD) with a Bruker D4 ENDEAVOUR diffractometer (Siemens AG, 
Germany) equipped with diffracted-beam monochromator for Cu-K. The crystallite 
size of MgH2 powder was also measured based on its peak broadening using the 
Williamson-Hall method [74].  
When an incident X-ray beam encounters a crystal lattice, it is generally scattered. 
Most scattering interferes with itself are eliminated (destructive interference). When 
certain geometric requirements are met, X-rays scattered from a crystalline solid can 
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constructively interfere, producing a diffracted beam. In 1912, W. L. Bragg 
recognized a predicatable relationship among several factors. Because each crystalline 
material has a characteristic atomic structure, it will diffract X-rays in a unique 
characteristic pattern. Bragg Law describes the relationship between the crystal 
structure and characterization of X-ray (see Figure 3.10): 
  sin2d                                                    (3.2) 
where d  is the lattice interplanar spacing of the crystal,   is X-ray incidence angle 
(Bragg angle) and   is wavelength of the characteristic x-rays. 
The X-ray diffractometer is an apparatus used to determine the angles at which 
diffraction occurs for powdered specimens; its features and working principle are 
represented schematically in Figure 3. 11. The powder specimen is located on a flate 
plate which is supported for rotation around the axis. This axis is perpendicular to the 
plane of the supported plate. The monochromatic X-ray beam is generated at a X-ray 
source in the tube and the intensities of diffracted beams are detected with a counter. 
The counter is mounted on a movable carriage, which rotates around the powder 
specimen according to the diffractometer circle. The angle which counter rotates is 
twice as much as that of supported plate rotates.  
 
 
Figure 3.10 Schematic of X-ray diffraction.  Figure 3. 11 Schematic of X-ray diffractometer.
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3.2.3 Scanning Electron Microscopy (SEM) 
Surfaces and morpholoy were imagined with a high local resolution by a scanning 
electron microscope (SEM) (Zeiss, Ultra55, Oberkochen, Germany) with an energy 
dispersive X-ray spectrometer (EDX) (Model Inca, Oxford Instruments, Oxfordshire, 
U.K.). 
 SEM stands for scanning electron microscope and is a microscope that uses 
electrons instead of light to generate an image.   
3.2.4 Specific surface area measurement (BET measurement) 
The specific surface area of the MgH2 samples was determined using an 
Areameter II instrument (Ströhlein Instruments, Germany, see Figure 3.12). The test 
is based on the BET (Brunauer Emmet und Teller, 1938). The gas adsorption method 
is to measure the amount of gas adsorbed on the surface of a powder sample as a 
function of the pressure of the adsorbate gas, and is used to determine the specific 
surface area of a powder sample. Measurements are usually performed at the boiling 
point of liquid nitrogen (-196°C). When the gas is physically adsorbed by the powder 
sample, the following relationship holds when 0/P P  is in the range of 0.05 to 0.3 for 
pressure P  of the adsorbate gas in equilibrium for the volume of gas adsorbed aV . 
0 0
1 ( 1) 1
( 1) m ma
C P
P V C P V CV
P

  

                                      (3.3) 
P : Partial vapor pressure of adsorbate gas in equilibrium (kPa) 
0P : Saturated pressure of the adsorbate gas at -196°C (kPa) 
aV : Volume of gas adsorbed at equilibrium (mL) 
mV : Volume of gas adsorbed in monolayer (mL) 
C : Dimensionless constant related to the enthalpy of adsorption and condensation of 
the adsorbate gas 
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The specific surface area S is determined from mV , the volume of gas adsorbed in 
a monolayer on the sample. 
22400
mV N aS
m
 


 
S : Specific surface area (m²/g) 
N : Avogadro constant 
a : Effective cross-sectional area of one adsorbate molecule (m²) 
m : Mass of the test powder (g). 
Area Meter II makes use of the dynamic flow method to measure the specific 
surface area of powder. In this method, a mixture of the adsorbate gas and a carrier 
gas is passed over a sample, and the volume of gas adsorbed is determined from the 
change in the concentration of the adsorbate gas in the mixture before and after the 
exposure to the powder sample. Nitrogen is typically used as the adsorbate gas, and a 
gas such as krypton is preferred for samples with a small specific surface area. 
Helium is generally used as the diluent gas.  
 
Figure 3.12 Photo of Areameter II from Ströhlein Instrument. 
 
3.3 Sorption test and characterization 
Kinetic sorption measurements and P-C-T (Pressure-Composition-Temperature) 
isotherms of MgH2 or NaAlH4 powder were carried out using a volumetric Sievert 
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apparatus BELSORP-HP (BEL Japan, INC), which is an automatic high-pressure gas 
adsorption system. 
Generally the sorption measurement can be operated based on both gravimetric 
method and volumetric method. The gravimetric method is relatively simple in terms 
of the measurement principle; however, in this method the sample is fixed in a 
balance and the equilibrium status of the microbalance is influenced by the 
desorbed/adsorbed gas pressure in the system and the sorption temperature. Thus, the 
gravimetric method requires a highly skilled technique for obtaining the sorption data 
accurately. As for the volumetric method, on the other hand, it reaches heat 
equilibrium quickly in the testing system. With this method, the volume of 
measurement system is measured precisely to determine the volume of sorption. Then, 
the volume of sorption is calculated from the gas pressure change in the measurement 
system, using the gas equation. 
BELSORP-HP is a full automatic sorption measurement system, which adopts the 
volumetric method for the measurement. Highly reproducible data can be obtained by 
easy operation, using a precision diaphragm pressure sensor.  
 
Water bathLiquid N2 controller
High temperature furnace
 
Figure 3.13 Photo of the BELSORP-HP instrument 
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BELSORP-HP has a wide temperature range from 77K up to 1073K with three 
different temperature controller (see Figure 3.13) and various kinds of adsorptives, 
e.g. H2, CO2, Ar, N2, CH4 and so on.  
 
 
Figure 3.14 Example of an isothermal sorption measurement at 375°C of wet ball milled MgH2 
with 3wt%Nb2O5 powder. 
Adsorption isotherms describe the relationship between the pressure and adsorption 
amount at a constant temperature. The horizontal axis indicates the equilibrium 
pressure P (see Figure 3.14). The adsorption amount in the vertical axis is commonly 
expressed as V/ml(STP)g-1.  
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Chapter 4 Experimental results and discussion 
4.1 Improvement of MgH2 properties 
4.1.1 Improvement of MgH2 properties due to processing 
4.1.1.1 Characteristics of MgH2 suspension 
As described in Chapter 3.1.3, both MgH2 n-hexane and MgH2 THF based 
suspension were produced. First of all four MgH2 n-hexane suspensions (see Table 
3.1) were compared in order to determine an optimal combination of milling 
parameters.  
The difference of sample No.4-1 and No.4-2 was that MgH2 mass percentage in 
the suspension. In sample No.4-2 and No.4-3 only ball-to-powder weight ratio (BPR) 
was different, which was 5:1 and 10:1, respectively. And ratio of YSZ grinding balls 
with 5mm and 2mm diameter in sample No.4-3 and No.4-4 differs from 7:3 to 1:1. 
Through the comparison between two different adjacent samples the influence of the 
variable milling parameters on the formed MgH2 suspension could be attained. Thus 
the optimal combination of the three parameters was determined. 
The particle size distribution of MgH2 in n-hexane suspension was measured by 
Horiba LB-550 (see Figure 3.9). The comparison of No.4-1 and No.4-2 in Figure 4.1 
showed that the 20wt% MgH2 n-hexane suspension had a smaller average particle size 
than the 50wt% MgH2 suspension. With increased BPR ratio, the average particle size 
of MgH2 decreased significantly (see No.4-2 and No.4-3 in Figure 4.1). Finer YSZ 
grinding balls (diameter = 2mm) produced relatively larger particle size of MgH2 in 
n-hexane suspension due to less collision forces provided on the MgH2 powder, which 
is obtained from the comparison of No.4-3 and No.4-4.  
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Figure 4.1 Particle size distribution of MgH2 suspension with different milling parameters 
 
Combining these results for the MgH2 n-hexane suspension characteristics, in 
order to get the finer particle size of MgH2 in the suspension the mass percentage of 
MgH2 powder in the suspension is 20wt%, the BPR is 10:1 and YSZ grinding balls 
with diameter 5mm.  
It was found that all the ball milled 
n-hexane MgH2 suspension was not stable. Its 
stability was achieved only within 10 min, 
afterwards most of the MgH2 particles 
accumulate at the bottom of the container. Two 
obvious layers were formed in the suspension 
independent on ball milling parameters, the 
upper layer is mainly n-hexane solvent and the 
down layer is mainly MgH2 powder (Figure 
4.2a). Thus a respective viscosity value for the MgH2 n-hexane suspension was 
difficult to measure.  
In order to improve the characteristics of MgH2 suspension, the solvent was 
changed to THF with different mass percentage of MgH2 inside, i.e. 20wt%, 30wt% 
Figure 4.2 Comparison of MgH2 
a)n-hexane and b)THF suspension with 
20wt% MgH2 powder inside 
a) n-hexane b) THF 
Particle size, m 
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and 40wt%. BPR of 10:1 was used for milling of MgH2 THF suspensions. The 
grinding balls were 5mm diameter YSZ balls and milling time was still 72h.  
With ball milling, stable MgH2 THF suspensions could be produced. Even one 
week after ball milling, the MgH2 THF suspensions were still homogeneous and 
stable (Figure 4.2b). The viscosity of the MgH2 THF suspensions with different 
MgH2 mass percentage was measured by Physica Rheometer MCR100 (see Figure 
3.7).  
Pure THF as a reference showed Newtonian behavior, i.e. its viscosity (quotient 
between shear stress of suspension and its shear rate) does not change with its shear 
rate but remained almost constant (see Figure 3.8a). The viscosity of the suspension 
increased with solid loading. All suspensions exhibited pseudoplastic behavior, i.e. 
the viscosity decreased with an increasing shear rate, especially for high mass 
percentages of MgH2 powder inside the MgH2 THF suspension. It is shown in Figure 
4.3 that the viscosity of the THF suspension with 30 wt% MgH2 was 10 times higher 
than that of the THF suspension with 20 wt% MgH2. When the MgH2 mass 
percentage increased from 30 wt% to 40 wt%, its viscosity enhanced to about 105~106 
times as the former. However, due to low flowability of the THF suspension with 
more than 40 wt% MgH2, its viscosity could not be accurately measured. The THF 
has not only an advantages effect on the stabilization; it also leads to finer particle 
sizes compared to n-hexane. This is shown through the comparison of the MgH2 
n-hexane and MgH2 THF suspension both with 20wt% MgH2 powder in Figure 4.4.  
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Figure 4.3 Viscosity of (a) pure THF, MgH2-THF suspension with (b) 20wt% MgH2, (c) 30wt% 
MgH2 and (d) 40wt% MgH2 powder, respectively. 
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Figure 4.4 Particle size comparison of MgH2 n-hexane suspension and MgH2 THF suspension. 
 
Although the MgH2 THF suspension is not the final hydrogen storage material, 
this by-product can be suitable for an industrial application. By dip coating substrates 
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in the MgH2 THF suspension, a nano-structured MgH2 coating can be obtained. With 
20wt% MgH2 THF suspension, a single layer of MgH2 coating on the porous Al2O3 
substrate was produced (Figure 4.5), which was a porous and nano-structured MgH2 
coating.  
 
Figure 4.5 SEM image of nano-structured MgH2 coating on porous Al2O3 substrate 
 
4.1.1.2 Characteristics of MgH2 powder 
The wet ball milled MgH2 powder was produced from the wet ball milled 20wt% 
MgH2 THF suspension based on the method given in Chapter 3.2.1. The dry ball 
milled MgH2 powder was also produced with the same ball milling parameters as 
mentioned in Chapter 3.2.1. 
   Figure 4.6 show SEM micrographs of as-received, dry ball milled and wet ball 
milled MgH2 powder in order to compare their microstructures. The particle size of 
the as-received MgH2 powder ranged from 20~100 	m with different kinds of shapes 
(see Figure 4.6a) and its specific surface area was ~6.2 m2/g measured by BET. After 
dry ball milling, the particle size was much finer than that of as-received MgH2 
powder, ranging from 0.5~4	m, as can be seen in Figure 4.6b. The dry ball milled 
MgH2 particles had a mainly spherical morphology and the fine particles 
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agglomerated together with a relatively dense surface (~16.4 m2/g measured by BET). 
Compared to Figure 4.6b, the particle size of wet ball milled MgH2 powder was 
much smaller (ranging from 30 to 500 nm) than that of as-received and dry ball milled 
MgH2 powder. In addition, wet ball milled MgH2 particles did not have a spherical 
morphology but rather a polyhedron morphology. After evaporation of the THF, the 
wet ball milled MgH2 nanocrystalline particles formed big porous agglomerates. 
Figure 4.6c shows larger magnification in addition. The agglomerate had a very low 
packing density because of their surface roughness and the electrostatic repulsion of 
the wet ball milled MgH2 particle surface. In addition, due to the lubrication of the 
THF solvent during wet ball milling, MgH2 particles exhibited a lower re-welding 
force compared to the dry ball milling case. BET measurements showed a specific 
surface area of 75.5 m2/g for the wet ball milled MgH2 powder, which is about 7 times 
larger than that of dry ball milled MgH2 powder due to a considerable decrease in 
particle size and also due to a porous open particle surface as a result of the 
evaporation of THF solvent. 
40m
a
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Figure 4.6 SEM images of (a) as-received MgH2, (b) dry ball milled MgH2 and (c) wet ball milled 
MgH2 powder. 
 
XRD patterns of the nanocomposite dry and wet ball milled MgH2 powder as well 
as as-received MgH2 powder are shown in  
Figure 4.7. The positions of their XRD patterns indicate that the main phase of dry 
and wet ball milled MgH2 powder is the same as that of as-received MgH2 powder, i.e. 
tetragonal -MgH2 phase. However, in addition the metastable orthorhombic -MgH2 
phase appeared in both dry and wet ball milled MgH2 powder, but not in as-received 
MgH2 powder. The metastable -MgH2 phase is a high-pressure polymorphic form of 
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the -MgH2 phase [75] and is commonly observed to appear after ball milling of 
MgH2 [76]. The high pressure required to transform -MgH2 into -MgH2 is provided 
during ball milling through the localized on-contact impacting action of milling balls 
on the MgH2 powder particles in the milling vial. After both dry and wet ball milling, 
the peak broadening of the -MgH2 phase was very obvious due to a large decrease in 
grain size. Based on the Bragg reflection equation, it is possible to evaluate the grain 
sizes from the line broadening [77]. The mean grain size of as-received, wet ball 
milled and dry ball milled MgH2 powder determined by calculating the XRD line 
broadening were found to be 120 nm, 31 nm and 7 nm, respectively. Thus from the 
XRD patterns and SEM analysis it can be concluded that with the same ball milling 
parameters, wet ball milled MgH2 powder had a much smaller average particle size 
but a larger average grain size than those of the dry ball milled MgH2 powder. From 
the comparison of their desorption/absorption and cycling behavior the question can 
be discussed whether particle size or grain size has more pronounced influence on 
hydrogen sorption and what kind of microstructure is favorable for the hydrogen 
sorption of MgH2.  
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Figure 4.7 X-ray powder diffraction pattern (CuK radiation) of (a) as-received MgH2, (b) dry 
ball milled MgH2 and (c) wet ball milled MgH2 powder. 
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4.1.1.3 Sorption behaviour of MgH2 powder 
Isothermal kinetic sorption measurements were carried out using a volumetric 
Sievert apparatus which was introduced in Chapter 3.3. The desorbed/absorbed 
hydrogen amount in the following section is calculated based on the assumption of 
pure MgH2. Figure 4.8 shows isothermal desorption of as-received, dry ball milled 
and wet ball milled MgH2 powder at 450, 400, 350, 300 °C, respectively, and 250 °C 
only for wet ball milled MgH2 powder in an initial vacuum atmosphere (~0.1 Pa). 
Before desorption measurements were performed, all three samples were pre-heated 
at 100 °C under a vacuum (~0.1Pa) for 2 h. At both 400 °C and 450 °C, the desorption 
kinetics and desorbed hydrogen capacity of as-received, dry ball milled and wet ball 
milled MgH2 powder were found to be very similar, because at both temperatures, all 
three kinds of MgH2 powder were partly melted and then desorbed (see Figure 4.9). 
At 350 °C, as-received MgH2 powder showed almost no hydrogen desorption in 
100 min, while dry ball milled MgH2 powder desorbed 1.4 wt% hydrogen and wet 
ball milled MgH2 powder desorbed 7.0 wt% in the same period. At 300 °C both 
as-received and dry ball milled MgH2 powder showed very little hydrogen desorption, 
however, wet ball milled MgH2 powder desorbed 2.3 wt% hydrogen in 100 min. Even 
at 250 °C wet ball milled MgH2 desorbed 1 wt% hydrogen after 100 min.  
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Figure 4.8  Desorption behaviour of (a) as-received, (b) dry ball milled and (c) wet ball milled 
MgH2 powder at (i)450°C, (ii)400°C, (iii)350°C, (iv)300°C and (v)250°C with an initial vacuum 
(~0.1Pa) atmosphere. 
Chapter 4. Experimental results and discussion                                
 59
0
1
2
3
4
5
6
7
8
0 100 200 300 400 500 600
Temperature in °C
D
TA
 in
 
V/
m
g
As received MgH2
Dry ball milled MgH2
Wet ball milled MgH2
452°C
436°C
412°C
Temperature, eC
D
TA
, ­
V/
m
g
D
TA
 in
 
V/
m
g
D
TA
, ­
V/
m
g
 
Figure 4.9 DTA curves of as-received, dry ball milled and wet ball milled MgH2 powder 
 
In addition a hydrogen desorption experiment with a temperature increasing rate 
of 0.33Kmin-1 in the temperature range of 40°C~450°C was made for as-received, dry 
ball milled and wet ball milled MgH2 powder in order to compare their desorption 
starting temperature. Figure 4.10 shows that as-received MgH2 powder started to 
desorb hydrogen significantly from 380°C on, while the starting desorption 
temperature for dry ball milled MgH2 powder was about 320°C and that for wet ball 
milled MgH2 powder was much lower, about 250°C. The wet ball milled MgH2 
powder started to desorb hydrogen much earlier than the other powders and the 
desorbed hydrogen amount at the same desorption temperature and desorption time 
was much larger than others.  
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Figure 4.10 Hydrogen desorption plots of (a) as-received, (b) dry ball milled and (c) wet ball 
milled MgH2 powder with temperature increasing speed of  0.33°C/min in the temperature 
range from 40~450°C. 
 
In order to compare the influence of wet ball milling and dry ball milling on the 
hydrogen absorption, both dry ball milled and wet ball milled MgH2 powders were 
first then pre-heated at 100 °C for 2 h in a vacuum atmosphere (~0.1 Pa). Dry ball 
milled MgH2 powder was desorbed at 350 °C for 24 h and the desorbed hydrogen 
amount was 5.3 wt%. However, full desorption equilibrium was not reached in this 
time. In comparison, wet ball milled MgH2 powder was also desorbed at 350 °C for 
3 h and the desorbed hydrogen amount almost reached the theoretical maximal value 
of 7.6 wt%. Absorption experiments were then performed on both samples at 300 °C, 
250 °C, 200 °C, 150 °C and 100 °C (Figure 4.11) with an initial hydrogen pressure of 
1.2 MPa. Dry ball milled MgH2 powder did not exhibit obvious absorption behavior 
below 200 °C, while wet ball milled MgH2 powder absorbed considerable amounts 
even at 100 °C. The improved absorption behaviour of the wet ball milled MgH2 
powder is also shown in Figure 4.12, the absorbed hydrogen amount after 1 h of 
absorption. 
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Figure 4.11. Hydrogen absorption of (a) dry ball milled and (b) wet ball milled MgH2 powder at 
(i)300°C, (ii)250°C, (iii)200°C, (iv)150°C and (v)100°C with an initial hydrogen pressure of 12 bar 
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Figure 4.12. Comparison of dry ball milled and wet ball milled MgH2 powder after 1h absorption 
behaviour with an initial hydrogen pressure of 12bar. 
4.1.1.4 Cyclic sorption behaviour of MgH2 powder 
Cyclic desorption and absorption behavior of nanocrystalline MgH2 powder are 
key properties for an industrial application. Before the cycling tests, wet ball milled 
MgH2 powder was first pre-heated at 100 °C for 2 h in a vacuum atmosphere 
(~0.1 Pa). Its hydrogen was then desorbed at 350 °C in a vacuum atmosphere for 10 h. 
After full desorption procedure, the remaining powder was cooled down to 150 °C for 
an absorption with an initial hydrogen pressure of 1.2 MPa for 100 min. Further cyclic 
testing was performed on the basis of the same procedure. Figure 4.13 shows that the 
cyclic desorption kinetics of wet ball milled MgH2 powder improved considerably 
from the 1st to 5th cycle at the expense of the amount of desorbed hydrogen, i.e. the 
desorbed hydrogen amount of wet ball milled MgH2 powder after 1 h decreased from 
6.35 wt% in the 1st cycle to 5.94 wt% in the 5th cycle. However, from the 5th to 10th 
cycle, hydrogen desorption showed almost no attenuation and it maintained the 
improved fast kinetics. Thus, the hydrogen desorption kinetic was improved by cyclic 
sorption but with only few loss of hydrogen capacity. 
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Figure 4.13 Cyclic desorption behavior of wet ball milled MgH2 powder at (i) 1st, (ii) 5th, (iii) 8th 
and (iv) 10th cycle in an initial vacuum (~0.1Pa) atmosphere at 350°C. 
 
Figure 4. 14 shows the cyclic absorption behavior of wet ball milled MgH2 
powder at 150 °C with an initial hydrogen pressure of 1.2 MPa. From the 1st to 10th 
cycle, both hydrogen absorption kinetics and the amount of absorbed hydrogen 
improved significantly. At 1 h of hydrogen absorption, the amount of absorbed 
hydrogen of wet ball milled MgH2 powder increased from 3.16 wt% in the 1st cycle to 
3.69 wt% in the 5th cycle, to 4.85 wt% in the 8th cycle and 5.68 wt% in the 10th cycle. 
Although the amount of absorbed hydrogen of wet ball milled MgH2 powder up to 
equilibrium at the 5th, 8th and 10th cycle is nearly the same, i.e. 6.0 wt%, the time to 
equilibrium decreased from the 5th cycle to the 8th and 10th cycle. It is shown that after 
10 cycles of desorption/absorption wet ball milled MgH2 powder can absorb at least 
4.8 wt% hydrogen in 20 min at 150 °C with an initial hydrogen pressure of 1.2 MPa. 
For comparison a cycling test of as-received MgH2 powder was also performed. Due 
to quite low desorption behavior of as-received MgH2 powder at 350°C (see Figure 
4.9a), the cyclic desorption of as-received MgH2 powder was made at 400°C with an 
initial vacuum (~0.1 Pa) atmosphere and the cyclic adsorption was performed at 
150°C with an initial hydrogen pressure of 1.2 MPa. In the 1st cyclic desorption, it 
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showed the same desorption behavior as shown in Figure 4.9a, but it had nearly no 
absorption behavior in the 1st cyclic absorption and thus no further desorption and 
absorption took place in the following cycles. 
 
Figure 4. 14. Cyclic absorption behaviour of wet ball milled MgH2 powder at (i) 1st, (ii) 5th, (iii) 8th 
and (iv) 10th cycle with an initial hydrogen pressure of 1.2 MPa at 150°C. 
 
   The significantly improved hydrogen cycling properties of wet ball milled MgH2 
powder can be mainly ascribed to the much finer particle size and larger porous 
surface due to wet ball milling. These dispersed nanosized wet ball milled MgH2 
particles result in a greatly enhanced reduction in hydrogen diffusion path lengths and 
also promoted the surface reaction of hydrogen atoms. Our modeling results will 
indicate that the improved surface reaction is the main reason. 
Compared to dry ball milled MgH2 powder, wet ball milled MgH2 powder has an 
average finer particle size but an average larger grain size. However, it should be 
noted that the average particle size and grain size of dry ball milled and wet ball 
milled MgH2 powder are much finer than those of as-received MgH2 powder. The 
improved hydrogen desorption/absorption behavior of wet ball milled MgH2 powder 
compared to dry ball milled MgH2 powder, leads us to conclude that the reduction in 
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MgH2 particle size has more influence on hydrogen sorption properties than a 
decrease in grain size.  
 
4.1.1.5 P-C-T curves and Van’t Hoff plot 
In this work thermodynamic properties of MgH2 powder were determined 
accurately by the volumetric method using a Sievert’s apparatus. A typical isotherm 
of a reversible metal hydride is shown in Chapter 2.2.2 Figure 2.3.  
This experiment started with hydrogen absorption. Thus wet ball milled MgH2 
powder was first desorbed at 350°C for 5h with an initial vacuum atmosphere in order 
to desorb all hydrogen inside. In order to investigate the thermodynamic change due 
to wet ball milling, the same experiment was made for as-received MgH2 powder but 
a desorption performed at 400°C was also operated.  
Figure 4.15 shows P-C-T curves and the corresponding van’t Hoff plots of the 
absorption process of as-received and wet ball milled MgH2 powder. At the beginning 
for low hydrogen pressure, only the -phase, i.e. hydrogen atoms dissolved inside the 
Mg matrix, exists. Before -phase, i.e. the Mg hydride appeared, the hydrogen 
pressure always increases with hydrogen content. When the hydrogen pressure 
reaches a certain equilibrium, Mg hydride starts to form two phases, which are 
existing. From this point on, the fraction of Mg hydride grows while the Mg matrix 
disappears. The hydrogen pressure keeps its equilibrium value with increasing 
hydrogen content within the maximal hydrogen storage capacity. At higher isothermal 
temperature the plateau pressure was also higher for both as-received and wet ball 
milled MgH2 powder corresponding to equation 2.2. During hydrogen absorption 
process more hydrogen amount can be absorbed by wet ball milled MgH2 powder 
than by as-received MgH2 powder. After formation of pressure plateau, a larger 
pressure increase was accompanied by an increase of hydrogen content in the Mg and 
Mg hydride matrix.  
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From the slope of the van’t Hoff plot based on the P-C-T plateaus, the formation 
enthalpy for as-received MgH2 powder and wet ball milled MgH2 powder were 
calculated as 72.7 kJ·mol-1H2 and 74.12 kJ·mol-1H2, which are very close to the 
standard data of MgH2 powder 74.5 kJ·mol-1H2 [43]. This allows the conclusion that 
the enhanced hydrogen sorption of wet ball milled MgH2 powder is the result of 
improved kinetics and not a change in the formation enthalpy. The entropy of wet ball 
milled MgH2 powder determined from the intercept of van’t Hoff plot is about 135.9 
J/(molH2·K) which is also in accordance with the literature value of 130.7 J/(molH2·K) 
[43].  
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Figure 4. 15 P-C-T curves of (a) as received MgH2 powder and (b) wet ball milled MgH2 powder 
during absorption at different temperatures (left) and the corresponding van’t Hoff plot (right) 
(see equation 2.2). 
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4.1.2 Improvement of MgH2 properties due to catalysts 
In order to improve the kinetics of Mg hydride, a series of binary and ternary Mg 
alloys have been studied. In 1960s, Reilly and Wiswall found that the MgH2 
decomposition temperature in alloys could be lowered by transition metal alloying 
through investigation of Mg2Ni and Mg2Cu [78]. In the 1970s, Tanguy et al. [79] 
found that the LaNi5 and Pd ball milled with MgH2 could obviously improve its 
kinetics. Liang et al. [39] found that the 3d-elements, Ti, V, Mn, Fe and Ni could 
improve the desorption/absorption kinetics of Mg and indicated that the 3d transition 
metals acted as catalysts, chemisorbing hydrogen and transferring it to the Mg matrix. 
Liang et al. also found that the mechanical milling of MgH2-V led to the formation of 
a new composite, which can desorb hydrogen at low temperatures. This behaviour 
was considered to be a catalytic effect of vanadium by the particular microstructure of 
the composite [80]. 
As stated in Chapter 4.1.1, high energy ball milling produced nanoscaled MgH2 
powder with a large specific surface area, which favours dissociation of hydrogen 
atoms by offering a large number of dissociation sites allowing fast diffusion to the 
center of the particles due to the fine particle size. By combining this approach with a 
catalyst, a significant improvement in the kinetics can be made by allowing electron 
transfer and hydrogen dissociation through a mechanism called spillover [81] in 
which hydrogen molecules dissociate on the catalyst surface.  
In this work, three different catalysts niobium ethoxide, vanadium and single-wall 
carbon nanotubes were wet ball milled with MgH2 powder in order to improve its 
microstructure and further sorption behaviour.  
4.1.2.1 Microstructure modification of wet ball milled MgH2 with catalysts 
The production of wet ball milled MgH2 with catalysts powders was introduced in 
Chapters 3.1.3 and 3.2.1. Figure 4.16 shows the XRD patterns of wet ball milled 
MgH2 with 1wt% and 3wt% single-wall carbon nanotubes (CNTs) compared to 
as-received and wet ball milled CNTs. After wet ball milling of MgH2 and CNTs 
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together, no obvious CNTs patterns could be realized. Possible explanations are: (1) 
too low amount of CNTs in the MgH2 powder; (2) its microstructure was damaged by 
the collision with MgH2 powder but not by YSZ balls (see Figure 4.15(b) which 
shows the patterns of CNTs even after wet ball milling).  
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Figure 4.16 XRD patterns of (a) pure as-received CNTs; (b) wet ball milled CNTs; (c) wet ball 
milled MgH2+1wt%CNTs; (d) wet ball milled MgH2+3wt%CNTs powder. 
 
In order to explain what happened to the CNTs during wet ball milling with the 
MgH2 powder, the morphology of as-received CNTs, wet ball milled CNTs and wet 
ball milled MgH2 powder with 1mol% CNTs was analysed (see Figure 4.17). Before 
wet ball milling CNTs are long curved tubes. After ball milling alone for 72h with the 
same milling parameters, the tubes were significantly shortened and compressed 
together to form big ends. However, when CNTs were ball milled with MgH2 powder, 
nearly no more tube morphology was found in the wet ball milled MgH2 with CNTs 
powder (in Figure 4.17c the red cycle shows a remaining single carbon nanotube). 
Obviously, the microstructure of CNTs was damaged by the collision between MgH2 
powder during wet ball milling. 
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c
 
Figure 4.17 SEM images of (a) as-received CNTs, (b) wet ball milled CNTs and (c) wet ball milled 
MgH2 powder with 1mol%CNTs.  
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The morphology of wet ball milled MgH2 with 1mol% Nb2O5 is shown in Figure 
4.18 as well as its EDX composition analysis. It is obvious that the bright points 
which are located on the top surface contain more Nb than the dark points. Thus it can 
be concluded that the nanoscaled Nb2O5 particles were dispersed on the surface of 
MgH2 agglomerates during wet ball milling.  
 
(a)  
 
 
(b)
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(c)
 
 
Figure 4.18  (a) SEM image of wet ball milled MgH2 powder with 1mol%Nb2O5, and 
corresponding EDX analysis of (b) bright point 1 and (c) dark point 2.  
 
In order to compare the influence of the catalysts on the hydrogen sorption and 
cycling behavior of wet ball milled MgH2 powder, the weight of all three catalysts 
was 3wt%. Figure 4.19 shows the comparison of XRD patterns of wet ball milled 
MgH2 powder with different catalysts and without catalyst.  
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Figure 4.19 XRD patterns of wet ball milled MgH2 powder (a) without catalyst; (b) with 
3wt%Nb2O5; (c) with 3wt%V and (d) with 3wt%CNTs. 
Compared to wet ball milled MgH2 powder without catalysts, it is obvious that the 
wet ball milled MgH2 powder with catalysts kept the main microstructure of the 
as-received MgH2 powder, i.e. -MgH2 tetragonal structure and a minor -MgH2 
phase. Only wet ball milled MgH2 powder with 3wt% Nb2O5 showed Nb2O5 
orthorhombic structure. The other XRD patterns of the two kinds of MgH2 with 
catalysts powder did not show any indication of the catalysts. Compared to wet ball 
milled MgH2 powder without catalysts, the peaks of the XRD patterns of wet ball 
milled MgH2 powder with catalysts are much broader. The grain size of wet ball 
milled MgH2 powders with catalysts was also measured based on its peak broadening 
using the Williamson-Hall method [82]. The mean grain size of wet ball milled MgH2 
with 3wt%Nb2O5, 3wt%V and 3wt%CNT were 13 nm, 14 nm and 14 nm, respectively, 
which were much smaller than that of wet ball milled MgH2 without catalysts 31 nm. 
However, their specific surface areas are similar to that of wet ball milled MgH2 
powder without catalysts. The specific surface area of wet ball milled MgH2 powder 
with 3wt%Nb2O5, 3wt%V and 3wt%CNT were measured by BET gave 78.8m2/g, 
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79.4m2/g, and 73.7m2/g, respectively (that of wet ball milled MgH2 powder without 
catalysts was 75.5m2/g). 
 
4.1.2.3 Improvement of sorption behaviour due to catalysts 
With catalysts the wet ball milled MgH2 powder showed a much finer grain size 
but its particle size and specific surface area remained similar to values of the wet ball 
milled MgH2 without catalysts (see Table 4.1). The influence of the microstructure 
and of the type of selected catalysts (metal oxide catalyst, transition metal catalyst and 
non metal catalyst) will be investigated in the following.  
 
Table 4.1 Summary of grain size, particle size and specific surface area of different MgH2 powder 
in this work 
Powder Grain size (nm) Particle size 
(nm) 
Specific surface 
area (m²/g) 
As-received MgH2  120 20000-100000 6.2 
Dry ball milled MgH2 7 500-4000 16.4 
Wet ball milled MgH2 31 30-500 75.5 
Wet ball milled MgH2 
with 3wt%Nb2O5 
13 20-500 78.8 
Wet ball milled MgH2 
with 3wt%V 
14 20-500 79.4 
Wet ball milled MgH2 
with 3wt%CNTs 
14 20-500 73.7 
 
The hydrogen desorption experiments of wet ball milled MgH2 powder with 
3wt%Nb2O5, 3wt%V and 3wt%CNT were made under an initial vacuum atmosphere 
(hydrogen pressure of ~0.1Pa) at 350, 300 and 250°C. Before the desorption 
measurements each powder was pre-heated at 100 °C under vacuum (~0.1Pa) for 2 h. 
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Figure 4.20 shows the comparison of the desorption behaviour of wet ball milled 
MgH2 powder without/with different catalysts at different desorption temperatures.  
At 350°C MgH2 with catalyst Nb2O5 shows the best hydrogen desorption 
behaviour. Addition of both catalysts V and CNTs reveals similar results. All wet ball 
milled MgH2 powder with catalysts show an improved hydrogen desorption kinetics 
compared to wet ball milled MgH2 powder without catalysts. Wet ball milled MgH2 
with 3wt%Nb2O5, 3wt%V and 3wt%CNTs desorbed 5.4wt%, 4.9wt% and 4.3wt% of 
hydrogen in the first 10 min, respectively, while wet ball milled MgH2 without 
catalysts desorbed only 1.1wt% of hydrogen during the same desorption period at 
350°C. At 300°C and 250°C wet ball milled MgH2 powder with 3wt%CNT and 
3wt%Nb2O5 desorbed hydrogen more quickly than that of wet ball milled MgH2 
powder with 3wt%V and wet ball milled MgH2 powder without catalysts. Wet ball 
milled MgH2 powder with 3wt%CNT and 3wt%Nb2O5 showed very similar hydrogen 
desorption kinetics at 300°C and 250°C. The comparison of hydrogen desorption of 
wet ball milled MgH2 without/with catalysts at different desorption temperatures is 
shown in Figure 4.21. Thus for the hydrogen desorption, both Nb2O5 and CNTs 
showed the better improvement in desorption for the used times.  
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Figure 4.20 Hydrogen desorption of different samples: (i) wet ball milled MgH2 powder; (ii) wet 
ball milled MgH2+3wt%V powder; (iii) wet ball milled MgH2+3wt%Nb2O5 powder and (iv) wet 
ball milled MgH2+3wt%CNTs powder under a vacuum atmosphere for three different 
temperatures: (a) 350°C; (b) 300°C and (c) 250°C.  
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Figure 4.21 Comparison of the desorption of wet ball milled MgH2 without/with catalysts at 
different desorption temperatures at 60min desorption. 
As the specific surface area of wet ball milled MgH2 powder without catalysts 
and with 3wt%Nb2O5 is similar (see Table 4.1), it might be concluded that the 
improvement of hydrogen desorption is connected with the influence of Nb atoms on 
the surface of MgH2 particles.  
The hydrogen desorption under vacuum in the temperature range of 40~450°C 
with an increasing rate of 0.33Kmin-1 was performed in order to determine the initial 
desorption temperature of wet ball milled MgH2 powder with Nb2O5. Figure 4.22 
shows that wet ball milled MgH2 powder with 3wt%Nb2O5 started to desorb hydrogen 
from 200°C on while that of wet ball milled MgH2 powder without catalysts was from 
about 250°C on. However, the improvement of Nb2O5 on hydrogen desorption 
kinetics of wet ball milled MgH2 powder was at the expense of hydrogen capacity, 
which decreased from 7.6wt% to about 7.0wt%.  
Chapter 4. Experimental results and discussion                                
 77
0
1
2
3
4
5
6
7
8
0 50 100 150 200 250 300 350 400 450 500
Temperature, °C
H
yd
ro
ge
n 
de
so
rp
tio
n,
 w
t%
(i)
(ii)
 
Figure 4.22 Comparison of hydrogen desorption of (i) wet ball milled MgH2 without catalyst and 
(ii) with 3wt%Nb2O5 in the temperature range from 40~450°C with heating rate of 
0.330.33Kmin-1. 
 
The hydrogen absorption of wet ball milled MgH2 powder with the 3 different 
catalysts were also performed with the same experimental conditions as the ones of 
wet ball milled MgH2 powder without catalysts. Figure 4.23 presents the hydrogen 
absorption curves of the wet ball milled MgH2 powder without/with catalysts under 
the initial pressure of 12 MPa hydrogen. Before the absorption, all the samples 
desorbed first at 350°C for 6h with an initial vacuum atmosphere. Then the desorbed 
wet ball milled MgH2 powder without/with catalysts was cooled down to the 
absorption temperature for the further experiments. It is obvious that at all different 
adsorption temperatures, i.e. 250°C, 200°C, 150°C and 100°C, wet ball milled MgH2 
powder with catalysts show a much better absorption behaviour than that of wet ball 
milled MgH2 powders without catalysts. Among the wet ball milled MgH2 powder 
with catalysts, the wet ball milled MgH2 powder with 3wt%Nb2O5 demonstrated the 
best absorption kinetics. The influence of Nb2O5 and V on hydrogen absorption 
behaviour of wet ball milled MgH2 powder was much stronger than that of CNTs at 
the different absorption temperatures. At 150°C CNTs showed a slight improvement 
of the hydrogen absorption behaviour of wet ball milled MgH2 powder, at 100°C the 
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CNTs addition even lead to a slow down of the influence on hydrogen absorption 
kinetics. In Figure 4.24 the hydrogen absorption amount of wet ball milled MgH2 
powder without/with catalysts after 10min of hydrogen absorption at different 
temperatures is compared. Wet ball milled MgH2 powder with 3wt%Nb2O5 addition 
showed the highest hydrogen absorption, i.e. 6.8wt%, 6.5wt%, 4.8wt% and 2.0wt% at 
250°C, 200°C, 150°C and 100°C, respectively. From improvement of three kinds of 
catalysts on both hydrogen desorption and absorption, the Nb2O5 catalyst showed the 
best result and might be the most suitable catalyst for an industrial application. 
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Figure 4.23 Hydrogen absorption of powder: (i) wet ball milled MgH2; (ii) wet ball milled 
MgH2+3wt%V; (iii) wet ball milled MgH2+3wt%Nb2O5 and (iv) wet ball milled 
MgH2+3wt%CNT under an initial hydrogen pressure of 12bar at different temperatures: (a) 
250°C; (b) 200°C; (c) 150°C; and (d) 100°C. 
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Figure 4.24 Comparison of wet ball milled MgH2 without/with catalysts at different temperatures 
at 10min absorption. 
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It is found that even the specific surface area and particle size of wet ball milled 
MgH2 with catalysts were very similar to that without catalysts, the sorption 
behaviour of wet ball milled MgH2 was improved due to the addition of catalysts. The 
reasons expected are: (1) the decrease of grain size had positive influence on 
improvement of hydrogen sorption. But compared to the previous results (comparison 
of as-received, dry ball milled and wet ball milled MgH2 powder sorption), its 
influence was not as strong as that of decrease of particle size iˈ.e. Increase of specific 
surface area; (2) formation of new structure Mg-Nb/V/C-O which could support 
hydrogen diffusion in the bulk and on the top surface as well as improved the surface 
reaction. However, the loss of Mg resulted in the decrease of hydrogen capacity 
compared to wet ball milled MgH2 without catalysts.  
4.1.2.4 Improvement of cycling behaviour due to catalysts 
The desorption/absorption cycling properties of wet ball milled MgH2 powder 
with 3wt%Nb2O5 were also characterized with the volumetric apparatus 
BELSORP-HP as described above. Totally 10 cycles of hydrogen 
desorption/absorption were made.  
In Figure 4.25 it is shown that in the 1st desorption, wet ball milled MgH2 powder 
with 3wt%Nb2O5 had a slower release rate but a larger hydrogen desorption capacity 
compared to the other cyclic desorptions. From 1st to 5th cycle, its desorption kinetics 
kept the same but its hydrogen desorption capacity decreased. From 5th cycle to 10th 
cycle both desorption kinetics and decreased hydrogen capacity remain rather 
unchanged. 
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Figure 4.25 Cyclic desorption behaviour of wet ball milled MgH2 + 3wt%Nb2O5 powder at (i) 1st, 
(ii) 5th, (iii) 8th and (iv) 10th cycle in a vacuum (~0.1Pa) initial atmosphere at 350°C. 
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Figure 4.26. Cyclic absorption behaviour of wet ball milled MgH2 + 3wt%Nb2O5 powder at (i) 1st, 
(ii) 5th, (iii) 8th and (iv) 10th cycle with an initial hydrogen pressure of 12bar at 150°C. 
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A similar trend is found for the hydrogen capacity during absorption (see Figure 
4.26). From the 5th cycle on, both hydrogen absorption kinetics and capacity seem to 
be constant.  
In order to determine quantitatively the influence of catalysts on the hydrogen 
cycling performance, the amount of both desorbed and absorbed hydrogen after 5min 
for wet ball milled MgH2 powder without and with catalysts is plotted in Figure 4.27. 
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Figure 4.27 Comparison of wet ball milled MgH2 and wet ball milled MgH2 with 3wt%Nb2O5 
after 5min of 1st, 5th, 8th and 10th of (a) desorption and (b) absorption. 
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Obviously, the cyclic desorbed and absorbed hydrogen amounts are larger for the 
wet ball milled MgH2 powder with Nb2O5 catalysts. With the number of cycles there 
is a tendency of a increased absorption of the MgH2 without catalyst while for the 
MgH2 with catalyst a decrease is found.   
In conclusion the Nb2O5 catalyst in the wet ball milled MgH2 powder improved its 
initial sorption behaviour and also improved its cycling sorption performance. The 
large reduction of hydrogen capacity might be attributed to the formation of Nb-Mg-O 
at the Nb2O5 particles’ interfaces with the surrounding MgH2 nano-grains [83]. GKSS 
proved that during the desorption process, Nb2O5 Bragg peaks disappeared while 
Bragg peaks of a phase identified as MgNb2O3.67 [83] appeared. This Mg bound with 
Nb2O5 is no more available for hydrogen desorption and absorption, leading to a 
reduced hydrogen storage capacity. After several cycles (in our experiments it was 5 
cycles) the formation of Nb-Mg oxide seems to reach an equilibrium, thus the 
hydrogen sorption capacity keeps rather stable. Although the formed Nb-Mg-O has a 
negative on the hydrogen capacity of MgH2 powder, it could improve the sorption 
kinetics of MgH2 due to the pathway effect of hydrogen atoms [84] 
 
4.1.2.5 Thermodynamics of wet ball milled MgH2 with catalysts 
In Chapter 4.1.1.5, pressure-composition isotherms (P-C-T diagrams) of the 
hydrogen absorption of wet ball milled MgH2 powder are shown. Based on its plateau 
and the van’t Hoff plot the formation enthalpy of wet ball milled MgH2 powder was 
calculated, which is similar to the reference formation enthalpy of MgH2 
2
0 /5.74 molHkJH   [43]. In this chapter, the same method is used to measure the 
formation enthalpy of wet ball milled MgH2 powder with 3wt%Nb2O5, 3wt%V and 
3wt%CNT, respectively. Figure 4.28 presents their P-C-T diagrams and the 
corresponding van’t Hoff plots.  
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Figure 4.28 Absorbing PCT curves (left) and van’t Hoff Plots (right) of wet ball milled MgH2 
powder (a) with 3wt%Nb2O5, (b) with 3wt%V and (c) with 3wt%CNTs. 
 
In the above PCT curves, it is shown that with an increase of the absorption 
temperature, the hydrogen absorption amount increase and the equilibrium hydrogen 
pressure also is enhanced. Based on the slope of van’t Hoff plots, the formation 
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enthalpies of wet ball milled MgH2 powder with 3wt%Nb2O5, 3wt%V and 
3wt%CNTs are calculated by 78.9kJ/molH2, 73.5kJ/molH2 and 75.2kJ/molH2, 
respectively. They are very close to the reference value which was mentioned above, 
thus the thermodynamic properties of wet ball milled MgH2 powder were not 
influenced by catalysts but mainly its hydrogen sorption kinetics was influenced.  
 
4.1.2.6 Further improvement of the milling conditions for wet ball milled MgH2 
powder with Nb2O5 catalyst 
In order to further improve the sorption behaviour, an improvement of the milling 
conditions of the wet ball milled MgH2 powder with 3wt%Nb2O5 was found to 
achieve a further decrease of particle size and grain size and increase of the specific 
surface area. Thus after 72h ball milling with 5mm YSZ, another 24h ball milling 
with 0.1mm diameter YSZ milling balls by the planetary ball mill was applied on the 
wet ball milled MgH2 with 3wt%Nb2O5 suspension. The suspension was treated as 
discussed above and the corresponding MgH2 with Nb2O5 powder was produced by 
the same method and characterized. From the comparison of XRD analysis (see 
Figure 4.29), in the latter case the peaks showed broader than the former case, i.e. a 
much finer grain size was obtained by further wet ball milling. The grain size in the 
former case was 13nm while it was 8nm in optimized latter case. A SEM image of the 
new finer wet ball milled MgH2 with 3wt%Nb2O5 powder is shown in Figure 4.30, 
which proves the particle size is also reduced. The specific surface area of MgH2 with 
3wt%Nb2O5 powder from the new milling conditions is about 2.3 times larger than 
that of the initial case (see Table 4.2).  
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Figure 4.29 XRD patterns of (a)wet ball milled MgH2 powder without catalyst (72h milling with 
5mm diameter YSZ balls), (b)wet ball milled MgH2 powder with 3wt%Nb2O5 (72h milling with 
5mm diameter YSZ balls) and (c) wet ball milled MgH2 powder with 3wt%Nb2O5 (72h milling 
with 5mm and another 24h 0.1mm diameter YSZ balls) . 
 
Figure 4.30 SEM image of wet ball milled MgH2 powder with 3wt% Nb2O5 (72h milling with 
5mm diameter and another 24h 0.1mm diameter YSZ balls). 
 
The isothermal desorption tests of the improved finer wet ball milled MgH2 with 
3wt%Nb2O5 powder were made as before, i.e. with the initial vacuum atmosphere. As 
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expected the improvement of microstructure leads to an improvement of hydrogen 
desorption kinetics of wet ball milled MgH2 with 3wt%Nb2O5 powder (see Figure 
4.31). For example, after 4min of hydrogen desorption the MgH2 powders with 
3wt%Nb2O5 milled with standard conditions desorbed 0.32wt% and 1.77wt% of 
hydrogen at 300°C and 350°C, respectively. The improved MgH2 with 3wt%Nb2O5 
powder desorbed 0.91wt% and 4.65wt% of hydrogen at 300°C and 350°C, giving a 
2.6 and 2.8 times increase. Through the previous conclusion from comparison of 
as-received, dry ball milled and wet ball milled MgH2 powder (with the same 
chemical composition), the improvement of hydrogen desorption kinetics in this case 
is attributed to the extreme increase of specific surface area. A specific surface area of 
180.2m²g-1 was determined for the improved powder which is 1.3 times more than the 
value for the MgH2 powder milled with the old conditions. Besides, decrease of grain 
size was also one of the reasons to improve its sorption kinetics. But obviously the 
microstructural key parameter for the sorption behaviour is the specific surface area of 
powder. A more detailed discussion will follow also based on a modelling approach. 
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Figure 4.31 Hydrogen desorption at (a) 300°C and (b) 350°C of wet ball milled MgH2 with 
3wt%Nb2O5 after 72h milling with 5mm diameter YSZ milling balls; Hydrogen desorption at (c) 
300°C and (d) 350°C of wet ball milled MgH2 with 3wt%Nb2O5 after 72h with 5mm diameter and 
24h with 0.1mm diameter YSZ milling. 
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Table 4.2 Comparison of microstructure and hydrogen desorption kinetics of different MgH2 
powder before and after wet ball milling as well as without and with catalyst Nb2O5. 
Powder Grain size 
(nm) 
Particle size 
(nm) 
Specific surface 
area (m²g-1) 
Hydrogen desorption 
amount after 5min at 
350°C (wt%) 
1. As-received MgH2 120 20000-100000 6.2 ~0 
2. Dry ball milled 
MgH2 
7 500-4000 16.4 ~0 
3. Standard wet ball 
milled MgH2 
31 30-500 75.5 1.3 
4. Standard wet ball 
milled MgH2 with 
3wt%Nb2O5 
13 20-500 78.8 2.2 
5. Improved wet ball 
milled MgH2 with 
3wt%Nb2O5 
8 20-200 180.2 5.1 
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Figure 4.32 The relationship between average particle size and corresponding specific surface 
area of the samples in Table 4.2.  
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Compared to as-received, dry ball milled MgH2 powder, the hydrogen desorption 
kinetic improvement of wet ball milled MgH2 powder results from the significant 
increase of specific surface area (see Table 4.2). With the same wet ball milling 
conditions, catalyst Nb2O5 is attributed to the hydrogen desorption kinetic but did not 
influence of the specific surface area (see Table 4.2). With further wet ball milling of 
MgH2 with 3wt%Nb2O5, its large increase of specific surface area results in the 
further improvement of hydrogen desorption kinetic (see Table 4.2). In a word, the 
specific surface area is the key micro structural parameter to influence the hydrogen 
sorption behaviour. The reduction of the particle size due to the high colliding force 
during ball milling is the mainly attributed to the enlargement of the corresponding 
specific surface area (see Figure 4.32). After hydrogen desorption at 350°C, the 
specific surface area of wet ball milled MgH2 with/without Nb2O5 was decreased due 
to the morphology change during the desorption. The specific surface area of standard 
wet ball milled MgH2 without/with Nb2O5 had the similar specific surface area even 
after hydrogen desorption. But the standard wet ball milled MgH2 with Nb2O5 had 
much better hydrogen absorption kinetics compared to MgH2 without Nb2O5 (see 
Figure 4.23), while the improved MgH2 with Nb2O5 showed much better absorption 
kinetics than the others. These results also proved the previous conclusions again: for 
the same materials (see. NO.4 and NO.5 in Table 4.2), the specific surface area was 
the critical structural parameter for controlling hydrogen sorption kinetics. But the 
improvement from NO.3 to NO.4 in Table 4.2 did not come from the change of 
specific surface area but from the influence of Nb2O5 as mentioned in Chapter 
4.1.2.4.  
4.2 Comparison of results with literature values 
A number of research results about the sorption behaviour of dry ball milled 
MgH2 powder as well as the influence of catalysts are reported in literatures. In this 
chapter the current available literature results and our own results about wet ball 
milled MgH2 powder without/with catalysts will be compared. 
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K.S. Jung et al. [85] produced nano-structured MgH2 powder using a SPEX 8000 
miller for 1h, with a ball-to-powder ratio of 10:1. The nano-sized MgH2 powder was 
annealed at 350°C for 20h to desorb the hydrogen and to perform absorption 
experiments. It absorbed 3.3wt% of hydrogen at 300°C and 2.7wt% of hydrogen at 
250°C after 100min, respectively. In comparison, our wet ball milled MgH2 powder 
absorbed 6.33wt% and 5.97wt% of hydrogen at 300°C and 250°C, respectively.  
C.Z. Wu et al. [86] found after 10h ball milling, with 1wt%, 5wt%, 10wt% and 
20wt% of single wall nanotubes (SWNTs) addition, the ball milled MgH2 powder 
with 5wt% SWNTs showed the best sorption behaviour. After ball milling times 
longer than 10h, the hydrogen storage capacity decreased. Thus they produced MgH2 
powder with 5wt% SWNTs by ball milling 10h. It desorbed 0.5wt% and 6wt% of 
hydrogen in 5min at 300°C and 350°C, respectively. Our wet ball milled MgH2 
powder with 3wt% CNTs could desorb 0.7wt% and 2.2wt% of hydrogen in 5min at 
300°C and 350°C, respectively. It seems that at the low temperature our wet ball 
milled MgH2 powder with 3wt%CNTs desorbed a comparable amount of hydrogen as 
the dry ball milled MgH2 powder with 5wt% SWNTs. But at 350°C the sample from 
C.Z. Wu showed an increased performance. A difference to our work is the used 
carbon nanotubes. The carbon nanotubes supplied by Bayer Company are multi wall 
carbon nanotubes. The structural benefit of single wall carbon nanotubes over the 
multi wall carbon nanotubes might result in an improvement of hydrogen desorption 
behaviour. Besides, the ball milling time may be another influencing parameter, as for 
one long milling time, the CNTs might at least partially destroyed (see Figure 4.17). 
Á. Révész et al. [87] ball milled MgH2 powders with and without the catalysts 
Nb2O5 under hydrogen in a high-energy mill for 10h. After ball milling, the average 
particle size range of ball milled MgH2 powder without catalysts was from 40 to 50 
	m, which decreased drastically down to about 0.87 and 0.79 	m for ball milled 
MgH2 powder with catalyst Nb2O5. In their work, the calculated grain sizes for ball 
milled MgH2 without and with catalyst Nb2O5 were 9 and 10 nm, respectively. Both 
ball milled MgH2 powder without and with catalyst of 2mol%Nb2O5 have a maximal 
hydrogen capacity of 4.7wt% and they could reach the maximal desorption capacity at 
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300°C in 11 and 15min, respectively, i.e. the catalyst of Nb2O5 didn’t improve the 
hydrogen desorption behaviour of ball milled MgH2 powder. The ball milled MgH2 
powder absorbed 4.7wt% of hydrogen at 300°C in 25min. In comparison, our wet ball 
milled MgH2 powder without and with catalyst 3wt%Nb2O5 showed the particle sizes 
in the range of 0.03~0.5 	m and their grain sizes were 31 nm and 13 nm, respectively. 
The desorption behaviour of wet ball milled MgH2 powder without and with catalyst 
(3wt%Nb2O5) seems not better than the literature results, but the wet ball milled 
MgH2 powder with 3wt%Nb2O5 showed an significantly improved hydrogen 
absorption behaviour. It could absorb 5.3wt% of hydrogen even at 150°C in 5min.  
H. Imamura et al. [88] prepared nanosized MgH2 powder with the help of organic 
additives which result in small crystallite sizes 9-10nm and a high surface area 
24-25m²/g. The MgH2 powder milled with bezene for 3h could absorb 2.36wt% of 
hydrogen in 120min at 180°C after it was desorbed at 350°C for 1h. In our case, the 
wet ball milled MgH2 powder had a grain size of 31nm and a much higher surface 
area of 75.52m²/g. After desorption at 350°C, it adsorbed 4.34wt% of hydrogen in 
120min at 150°C. The improved absorption behaviour can be attributed mainly to  
the enlargement of specific surface area due to wet ball milling.  
Z.Dehouche et al. [89] produced nanosized MgH2 powder with 5 at.%V using a 
Spex mill 8000 for a period of 20h. The MgH2 powder could desorb 3.4wt% of 
hydrogen at 300°C in 5min and then it reached its maximal hydrogen capacity of 
5.7wt% at the same temperature and in the same period. In our case, the wet ball 
milled MgH2 powder with 3wt%V desorbed 0.5wt% of hydrogen at 300°C in 5min 
which is much lower than the Z.Dehouche’s results, however, the wet ball milled 
MgH2 could absorb 6.3wt% of hydrogen even at 250°C in 5min. The better absorption 
results in this work can be explained, the higher specific surface area of the wet ball 
milled MgH2 powder with 3wt%V (79.4m²g-1), compared to one of the nanosized 
MgH2 powder with 5 at.%V (16.4m²g-1). The reason why the specific surface area did 
not influence the hydrogen desorption might be related to a surface contamination due 
to wet ball milling process.  
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T.Klassen R. Bormann et al. from the Institute of Material Research in GKSS 
Research Center have been working on the improvement of hydrogen sorption of 
MgH2 by high energy ball milling and catalysts since many years. Till now the results 
they got are the best sorption results found in the literatures. After ball milling for 
200h by a Fritsch P5 planetary mill, nanosized MgH2 powder with a particle size in 
the range of 250nm to 5	m and with about 15nm grain size are found. The specific 
surface area of ball milled MgH2 powder was 9.1m²g-1 [90]. It could desorb 7.4wt% at 
300°C in 1000s and absorb 6.8wt% of hydrogen at the same temperature in the same 
period. With the same ball milling parameters, they also produced nanosized MgH2 
powder with 17wt%Nb2O5 with much smaller particle size which showed an 
increased specific surface area of 22.4m²g-1. The improved microstructure also 
influenced its sorption behaviour, i.e. it could desorb and absorb 6wt% of hydrogen in 
200s at 300°C. In comparison, our wet ball milled MgH2 powder after 72h ball 
milling by planetary mill showed particle sizes in the range of 30 to 500nm and a 
specific surface area of 75.5m²g-1. The grain size was 31nm. It could desorb 0.6wt% 
of hydrogen at 300°C and absorb 6.0wt% of hydrogen at 300°C in 1000s. The 
absorption kinetics of wet ball milled MgH2 powder was better than that of literature 
but its desorption kinetics was much poorer. For wet ball milled MgH2 with 
3wt%Nb2O5 the similar particle size distribution and the specific surface area 
(78.8m²g-1) were also quite similar to the wet ball milled MgH2 powder without 
catalyst 75.5m²g-1. But with catalyst the grain size of wet ball milled MgH2 was finer 
13nm. The wet ball milled MgH2 powder with 3wt%Nb2O5 desorbed 0.4wt% of 
hydrogen and adsorbed 6.1wt% of hydrogen in 200s at 300°C. It is obvious that the 
improvement of Nb2O5 on the desorption of wet ball milled MgH2 was not as good as 
that given in literature but the absorption was quite similar. The rather bad 1st cycle of 
desorption behaviour might be explained by surface contaminations. After the 1st 
desorption, the surface of the powder was activated and the further absorption and 
desorption kinetics were improved a lot. 
Through comparison with above literature results, it is found that the desorption 
behaviour of wet ball milled MgH2 powder without and with catalysts seem to be 
Chapter 4. Experimental results and discussion                                
 94
reduced compared to literature values. From the TEM composition analysis of wet 
ball milled MgH2 powder without catalysts, it is found that a part of the top surface of 
MgH2 particles is oxidized and the weight percentage of oxygen is 15.1wt% and 
21.3at.%. A dense MgO coating could inhibit hydrogen release. However, after 
desorption the top surface of wet ball milled MgH2 powder is activated due to the 
damaged MgO layer, thus the further absorption behaviour is not influenced. From the 
given comparison, our wet ball milled MgH2 powder showed a better absorption 
behaviour than the literature results. Although there might be a negative influence of 
the MgO layer on the hydrogen sorption behaviour, our wet ball milled MgH2 powder 
showed a much better hydrogen sorption behaviour due to the improved 
microstructure compared to the conventionally dry ball milled MgH2 powder.  
4.3 Mechanism of hydrogen desorption of wet ball milled MgH2 
powder 
Up to now the exact mechanism of H2 desorption from ball milled MgH2 is not 
fully understood. There are many different assumptions about the mechanism which 
were introduced in Chapter 2.4.1. At the moment the rate-limiting step in hydrogen 
desorption from MgH2 has been proposed to be either the diffusion pathways of 
hydrogen through the magnesium grains formed on the surface of the particle, or the 
recombination of H2 molecules on the particle surface prior to desorption [91]. In this 
part our own model and the modelling results will be introduced to prove which step 
mentioned above is the real controlling one. Compared to the hydrogen absorption at 
the certain temperature the hydrogen desorption shows lower kinetics (shown in 
Chapter 4.1.1.3. Therefore this work mainly focuses on modelling of hydrogen 
desorption of MgH2 powder. Based on the modelling results, the relationship between 
the kinetics of the hydrogen desorption in MgH2 powder and the microstructual 
parameter, e.g. specific surface area can be analysed.  
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4.3.1 Typical features of hydrogen desorption behaviour of wet ball milled MgH2 
powder 
Based on the hydrogen desorption of wet ball milled MgH2 powder shown in 
Figure 4.8c some inheriting features are summarized here: 
 Desorption behaviour is temperature dependent. It seems that one lowest 
temperature exists below no hydrogen desorption is observed; 
 There is a delay of hydrogen desorption at the beginning of the isothermal 
desorption. 
 The main part of the desorption curve is linear increase; 
 Finally there is an asymptotic behaviour of desorption approaching the saturation 
limit. 
 Increase of specific surface improves the kinetics 
In this work the model is built up to reproduce the main part of the hydrogen 
desorption behaviour.  
4.3.2 Construction of the model and corresponding results 
The modelling of hydrogen desorption of MgH2 powder is built up based on the 
assumptions made in Chapter 2.4.3 and the shrinkage model of hydrogen desorption in 
Figure 2.5.  
In this model the hydrogen desorption process is divided into the following stages: 
 Hydride decomposition on the  -surface: A transition of hydrogen atoms 
bounded in the stoichiometric MgH2 hydride into the Mg surrounded with dissolved 
hydrogen atoms. This process (called later as  -dissolution) is localized on the surface 
of the -phase (  -surface). 
 Hydrogen diffusion in the Mg hydrogen solid solution (called later as 
 -diffusion) 
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 Degassing from the top surface of the  -phase ( -surface): Several processes 
take place on the outer surface of the  -phase ( -surface), which is in contact with 
the hydrogen gas. For example penetration of hydrogen atoms through the surface of 
particles, combination of the hydrogen atoms at the surface of the particle and leave 
from the surface to the hydrogen gas.      
It is clear that the kinetics of the hydrogen desorption process should be controlled 
by the slowest step of them mentioned above. It is known that the phase transition of 
 -phase to  -phase compared to the other two steps is very fast [62]. Thus the 
kinetics of hydrogen desorption in this model is controlled by either hydrogen diffusion 
in the  -phase or degassing from the top surface of the particles.  
Corresponding to the discussion above the modelling is divided into:  
 Case I: hydrogen diffusion in  -phase is the rate controlling step; 
 Case II: degassing is the rate-controlling step.   
In case I, the characteristic diffusion rate is supposed as:  
22
0766.0
L
D
M
mk
H
  
where k is the desorption rate, m  is the mass of sample powder, 7.66wt% is the 
theoretical maximal hydrogen capacity in MgH2, D  represents the diffusion 
coefficient and HM  stands for the molar mass of hydrogen atoms 1.008·10-3kg mol-1. 
Among them, the diffusion coefficient D of hydrogen atoms in magnesium based on 
the different experiments [ 92 , 93 ] ranges from RTe
40000
61054.1
  to 
RTe
24100
61054.1
 m2 s-1. For a 149mg sample ( nmL 200~ ) at 350°C desorption 
temperature the desorption rate is between 0.096 and 2.08mol s-1. However, the 
experimental desorption result at 350°C of wet ball milled MgH2 powder (see Figure 
4.8) shows the desorption rate is about 
41033.5  mol s-1. Thus it seems to be 
unrealistic that diffusion of hydrogen atoms in  -phase is the controlling step of 
hydrogen desorption of wet ball milled MgH2 powder. Therefore, in the following work 
the desorption kinetics is supposed to be controlled only by the  -surface degassing.  
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The diffusion transfer of dissolved hydrogen in solid Mg and MgH2 is described by 
the Fick’s current j D c  " , with c -volume concentration of hydrogen atoms, m-3, 
which also appears later as the molar concentration; D  is the Fick’s diffusion 
coefficient, for both regions of  - and  - phase D ,D  are constant respectively. A 
schematic of the hydrogen concentration in the two phases is shown in Figure 4.33.  
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Figure 4.33 Hydrogen concentration distribution in - and - phases during hydrogen desorption 
of MgH2. r is the distance from core center of the particle to the particle boundary.  and L are 
the distances from core center of the particle to the  -phase and  -phase edges. c and c are 
hydrogen concentration in the  -phase and  -phase, respectively. 
 
Due to assumed spherical symmetry of the Mg/MgH2 particles, the balance of 
hydrogen concentration due to diffusion is: 
2
2
2c c cD
t r r r
 $ $ $
  $ $ $ 
                                                                 (4. 1) 
where r is distance between particle centre and an arbitrary point in the whole particle 
(see Figure 4.33). 
In the model, the  -phase forms the MgH2-core inside of the particle with 
radius # . The surface of the  -phase ( -surface) moves entirely with the condition of 
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hydrogen mass balance (out-/inflow). It leads to a simple moving boundary condition 
(so called ‘Stefan-condition’) at r # :  
( )
c cc c D D
t r r
 
   
# $ $$
  
$ $ $
                                                 (4. 2) 
where c  and c  are hydrogen concentration inside of  - and  - phases, 
respectively. 
In Figure 4.33 the surface of the  -phase ( -surface) is the interface between the 
 -phase and the atmosphere H2 gas. Based on the mass balance of the 
2H 
 H2 process, the equilibrium of chemical potentials provides the 
proportionality 2~p c , or 
2( )sp C T c  (Sievert’s law)                                                         (4. 3) 
where sC  is the Sievert’s equilibrium constant depending on temperature. 
From the desorption curves of wet ball milled MgH2 powder shown in Figure 4.8, 
the main hydrogen desorption appears to be a linear determined with a tangential ascent 
which represents desorption rate under the isobaric process and is based on two 
simplifying assumptions: 
1. The c  is the hydrogen atom concentration on the  - surface (see Figure 4.33), 
which doesn’t change with the shrinkage of the - core, i.e. Xc  . The hydrogen 
concentration in the - phase is always constant Yc  . 
2. The concentration profile )(rc obeys: 
BrArc  /)(                                                                     (4. 4) 
where A and B are constant. 0%A  for hydrogen desorption.  
Under these assumptions and the Stefan boundary condition mentioned in equation 
(4.2), on the   surface, it holds: 
2/)( ##  ADcc      i.e. 
2/)( ##  ADXY                               (4. 5) 
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On the boundary between  - phase and hydrogen molecular gas, the desorption 
kinetic is governed entirely by two counter currents corresponding to the 
HH 22  reaction. The rate of both processes is dependent on the concentration of 
hydrogen atoms in  -phase close to  -surface and the concentration of 
2H molecules outside of  -surface, which is proportional to the hydrogen pressure. 
From this point on, the further deduction should be completed corresponding to two 
cases, i.e. degassing process or diffusion in  -phase is the desorption rate controlling 
step:   
In this case, the hydrogen atom concentration in the -phase on  -surface and 
on  -surface can be regarded as the same. Therefore the flux of hydrogen atoms on 
the  -surface is: 
 kpbXkpcbLADcD
Lr
"

222/                                     (4. 6) 
where 2
2
bXcb  is the hydrogen flux from  -phase to  -surface with positive 
constant b (responsible for hydrogen atoms to form hydrogen molecules and release 
from  -surface). kp  is the hydrogen flux from the hydrogen molecular to  -surface 
with another positive constant k  (responsible for dissociation of hydrogen molecules 
to hydrogen atoms on the  -surface ) and hydrogen pressure p . Here a Sievert’s 
constant is defined as kbCs / .  
Combining the boundary conditions with equations (4.5) and (4.6), the resulting 
kinetic equation for evolution of the  -core with radius #  becomes then: 
)()( 222 kpcbLcc   ##     i.e.  )()(
222 kpbXLXY  ##            (4. 7) 
This model does not include the diffusion mechanism explicitly and for hydrogen 
desorption with 2( )bc kp&   >0. If the factor &  approaches to 0 during the 
desorption, it means the pressure approaches to the saturation value p .  
22 X
k
bc
k
bpp '                                                                 (4. 8) 
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In our case the volumetric equipment BELSORP-HP is used for measuring the 
desorbed hydrogen pressure. At the beginning of the desorption, the pressure inside the 
system is quite low, it can be regarded as the isobaric case. With the increase of 
desorbed hydrogen pressure, the pressure inside the system increases to a large value 
and enhances the reverse process, i.e. absorption process. In general, the sorption runs 
under the isochoric condition. Thus under two situations, i.e. isobaric and isochoric 
cases, this model can be used.  
The calculation of the desorption below is performed for the isobaric case. All 
particles assumed to be spherical with an equal radius L . The relative volume V  of 
 -core is: 
3)/( LV #                                                                            (4. 9) 
With this notation, the kinetic equation (4.7) becomes: 
)()(
3
)( 2 ppkkpbXV
LXY                                          (4.10) 
with kbXp /2  from (4.8). The equation (4.10) for constant temperature T  and 
constant pressure p  is easily integrated. With the initial condition: 1)0( V , i.e. 
desorption starts from the stoichiometric MgH2 hydride, the evolution of the inner 
 -core is: 
t
LXY
ppktV 3)(1)( 


                                                        (4.11) 
With the final condition: 0)( V , i.e. the particle becomes the pure homogeneous Mg 
hydrogen solution, i.e. -solution with the critical concentration c . Thus the time for 
complete desorption, i.e. complete decomposition of  - phase is:  
pp
XY
k
L



)(
3
                                                                (4.12) 
where 0. % constpp . It can be used for evaluation of desorption kinetics at the 
very beginning of the process where the dynamics looks approximately linear.  
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The calculation performed above is based on the assumption, the desorption runs 
under the constant external pressure p . Actually the real kinetics of the sorption 
behaviour is essentially sensitive to an external pressure with the desorption running. 
With the volumetric equipment the desorption process is not isotherm-isobar but 
isotherm-isochor. Therefore, the ascent of pressure in the system is taken into account 
in order to describe an experimental kinetic curve.  
The initial volume of single MgH2 particle is defined as 3sin 3
4 Lv gle
(
  and the 
volume change from  -phase to  -phase is defined as  . Thus the molar amount of 
desorbed hydrogen molecules is: 
) * 










  #((( 3333sin 3
4
3
4
3
4
2
1 LXYLYLvdesgle                              (4.13) 
After a series of derivation of equation (4.13) and with equation (4.9), the simplified 
form is obtained: 
) *  XYVvv desgledes  12
1
sin                                                   (4.14) 
An alternation of the mass density and the volume change rate 
77.0/
2
 MgMgH ##  during the desorption is taken into account here. Under the 
assumption that all particles have the same size, the mole number N of particles in the 
sample is: 
)/(
2 desMgH
vmN  #                                                            (4.15) 
where m  is the initial mass of the MgH2 powder.  
For a 100%-pure stoichiometric MgH2 powder, if no leakage occurs, the pressure 
p produced by desorbed hydrogen in the measurement volume is a function of the 
 -phase core in each single particle: 
des
gle
des vNv sin                                                                 (4.16) 
With the gas law and equation (4.16), the hydrogen pressure is: 
) * ) *XYV
TV
Rm
TV
vRrp
MgH
des

#





 1
}/{2}/{
)~(
2
                             (4.17) 
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and time evolution of the pressure is described by: 
+ , + ,
2 2
( ) 3 ( )( ) ( )
2 / 2 /MgH MgH
m R Y X k m R p pp r V k p p
V T L V T
 -
# #
      
    
   
           (4.18) 
In equation (4.18) the symbol V/T 
means the effective ratio of {V/T} for 
gas with inhomogeneous temperature 
distribution in the volumetric space. If 
the gas temperature is overall 
homogeneous and constant, it is exactly 
the ratio V/T. In our case the volumetric 
system is shown in Figure 4.34. And in 
Figure 4.34 the symbols have the 
meaning as follows: 
VH - the volume of the holder with the 
sample and hot gas in the thermostat at 
T0; 
Vp - volume of the pipe channel containing the gas with the descendent temperature 
from Tch down to Tc; 
Vd – dead volume; 
Vs - the system volume behind the valve, with the cold gas of temperature Tc; 
T1, T2, Tch the temperature measured in control points. 
Tc, T0 are set by the experimental conditions. 
The sample holder is directly heated by furnace. The temperature distribution in the 
whole system is qualitatively shown in Figure 4.35.  
 
 
Figure 4.34 Schematic of BELSORP-HP system. 
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Figure 4.35 Temperature distribution profile in the volumetric system (BELSORP-HP) 
 
 
For the inhomogeneous temperature profile, the effective ratio {V/T} is defined: 
+ , R
p
vTV /                                                                   (4.19)  
It is composed of (see Figure 4.35): 
(1). Furnace heated segment at T0: + , 001 // TzTV . ; 
(2). First exponential segment ( lz '0 ): + , ) */ 	
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(4). Third exponential segment (pipe of length L): 
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(5). Cooled volumetric pool at Tc corresponding to 25°C: + , cs TVTV // 5  . 
Thus the effective ratio+ ,TV /  in the inhomogeneous temperature profiles: 
+ , + ,ii TVTV // 0                                                               (4.20) 
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here Hdp VVV   is the dead volume, 
2''






r
r
.
.  is the ratio of two inner cross 
sections of the sample holder.  
For practical purposes we need also the effective ratio of “dead volume”: 
+ , csd TVTVTV ///   
In equation (4.18) the coefficient -  is defined as: + , 0/2
3
2
%
TVL
mR
MgH#
- . And for 
the desorption process is assumed that 0% pp . 
With the initial value of 0p  the solution of equation (4.18) for desorption is:  
kteppptp - )()( 0                                                     (4.21) 
The model reproduces therefore a desorption process starting from the initial 
pressure p0 and running down to approach the threshold pressure kbXp /2  shown 
in Figure 4.36. 
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Figure 4.36 Experiments of desorption kinetics for two time intervals, starting from vacuum 
 
The equation (4.21) does not take into account the finite amount of desorbed 
hydrogen. It is defined independently by the hydrogen capacity of the sample. Assume 
that a sample compound doesn’t only consist of pure magnesium hydride, but with a 
purity sampleMgH mm /21 , after the full decomposition of  -phase into  -phase, the 
produced hydrogen pressure is: 
+ , ) * ) *
desdes
MgH
sample XYLXY
TV
RYm
p -
#
1
 

' 3/2
2
                          (4.22) 
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The total desorbed hydrogen should produce the maximal hydrogen pressure: 
+ , Y
L
TV
RYm
p
MgH
sample
3/2
2
max
-
#
1



                                                (4.23) 
which is in fact only about 0.2~ 0.7% of  'p , since they obeys the relationship 
YXpp /1/ max  ' .  
As a result of a continuous measurement of pressure in a closed volumetric 
equipment with desorbing sample, the following two cases are possible: 
Case I: If the maximal pressure maxp  achieved by desorption is higher than the 
saturation pressure ppeq 2 , the slope of the desorption curve approaches this 
asymptotic value p , the rest of hydrogen remains in the sample (see Figure 4.37 dash 
lines). 
Case II: Otherwise if pp 3max , the curves are restricted by maxp (see Figure 4.37 
solid lines). 
 
Figure 4.37 Asymptotic saturation pressure (dash lines) vs. maximal pressure (solid lines). 
 
For experimental validation of the model as well as evaluation of the desorption 
kinetics, the factual amount 
2MgH
m of magnesium hydride in the sample should be 
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estimated, and then it must be distinguished attentively between these two possibilities, 
although the shape of resulting kinetic curves appears to be very similar to each other. 
As it was shown above, the simple linear model reproduces the progress of pressure 
by desorption )(tp  as measured. The results of the diagram )(% twt (the hydrogen 
sorption mass percentage) usually can be performed by the definition with equation 
(4.21): 
 
+ , ) *  %100/%100)(% 02
2
2 


  kt
sample
H
MgH
H eppp
Rm
TV
m
m
twt -
1
4
              (4.24) 
where 
2H
4 is the mole mass of the hydrogen molecule. Due to the quite small starting 
pressure 0p  compared to p , equation (4.24) can be simplified: 
+ ,  kt
sample
MgH ep
Rm
TV
twt des -
1
4 


 1
/%100
)(% 2                                   (4.25) 
The molar concentration of hydrogen atoms in the stoichiometric magnesium 
hydride MgH2 is 3/110199 mmolcY   . An average particle size can be obtained 
from the SEM evaluation. For the wet ball milled MgH2 powder the diameter of particle 
is nmL 312   (see Table 4.2). 
Some examples for practical evaluation of measurement results are presented below. 
The measurement at mgmsample 142 and CT 5 350  ( kPap
des
C 394350 5 , 
+ , 7350 100073.1/ 5 CTV ) exhibits like the case II, which can be fitted for purity 80% 
with a constant 12 2350 1.6 10 /( )Ck mol m s Pa

5      shown in Figure 4.38. Another 
measurement is shown for 180mg MgH2 powder desorbing at 300°C (Figure 4.39). The 
desorbed hydrogen amount corresponds to kPap 447max   for the same purity 80% as 
above, it belongs to case I. The pressure reached kPap 164  for a purity of %801 , 
the shape of )(tp can be fitted with 13 2300 4.6 10 /( )Ck mol m s Pa

5     .  
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Figure 4.38 Desorption of 142 mg 80% wet ball milled MgH2 powder at 350°C, Case II 
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Figure 4.39 Incomplete desorption of 180 mg 80% wet ball milled MgH2 at 300°C, Case I 
 
The model is also evaluated for the wet ball milled MgH2 powder with Nb2O5. The 
kinetic constant of 99mg wet ball milled MgH2 powder with Nb2O5 with a specific 
surface area of 78.8m²g-1 (after 72h milling by diameter 5mm YSZ balls) is 
2 5
12 2
,350 4.2 10 /( )Nb O Ck mol m s Pa

5     (see Figure 4. 40a) and the other 68mg sample 
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with 180.2m²g-1 (after 72h milling by diameter 5mm YSZ balls and another 24h milling 
by diameter 0.1mm YSZ balls) is 
2 5
12 2
,350 8.4 10 /( )Nb O Ck mol m s Pa

56     (see Figure 4. 
40b). It is found that the latter desorption kinetic constant, i.e. desorption rate is twice as 
large as that of the former situation, which is in accordance with that of the correlation 
between their specific surface area.  
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Figure 4. 40 (a) Desorption of 99mg 78% wet ball milled MgH2 powder with 3wt%Nb2O5 at 350°C 
(after 72h milling by diameter 5mm YSZ balls), Case II; (b) Desorption of 68mg 61% wet ball 
milled MgH2 powder with 3wt%Nb2O5 at 350°C (after 72h milling by diameter 5mm YSZ balls 
and another 24h milling by diameter 0.1mm YSZ balls), Case II; 
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However, this relationship was not found for the samples of wet ball milled 
without catalyst and with Nb2O5 (after 72h milling using 5mm YSZ balls). Here the 
improved kinetic constant might be related to the effect of Nb2O5 as discussed above 
(see Figure 4.41).  
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Figure 4.41 Relationship between specific surface area and the desorption rate at 350°C of (a) 
standard wet ball milled MgH2 powder; (b) standard wet ball milled MgH2 with 3wt%Nb2O5 and 
(c) improved wet ball milled MgH2 with 3wt%Nb2O5. 
4.4 Hydrogen sorption of NaAlH4  
The purpose of this work is to investigate the effects of wet ball milling on 
hydrogen desorption/absorption of NaAlH4. In this work the same treatment as for 
MgH2 powder, i.e. dry ball milling and wet ball milling were used for NaAlH4. The 
hydrogen desorption behaviour of three different NaAlH4 powder is shown in Figure 
4. 42. 
From Figure 4. 42a it was shown that the as-received NaAlH4 powder could only 
desorb about 3wt% of hydrogen after 500min at 230°C, which proves that probably 
only the 1st desorption step occurred (see Chapter 2.2.5) for the as-received powder. 
In contrast the higher amount of released hydrogen in Figure 4. 42b and c indicated 
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that both the 1st and 2nd desorption steps might take place in the dry and wet ball 
milled NaAlH4 powder. In addition, the wet ball milled NaAlH4 powder showed a 
higher desorption kinetics than dry ball milled NaAlH4 powder. However, for 
desorption temperature lower than 200°C no more hydrogen desorption behavior for 
all three kinds of NaAlH4 powder was found. That means even after wet ball milling, 
the desorption temperature of NaAlH4 powder cannot be decreased below the melting 
point of NaAlH4 powder (~183°C [94]).  
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Figure 4. 42 Hydrogen desorption at 230°C of (a) as-received NaAlH4 powder, (b) dry ball milled 
NaAlH4 powder and (c) wet ball milled NaAlH4 powder.  
 
For the above desorbed NaAlH4 powders, absorption experiments were performed 
with the initial hydrogen pressure of 12MPa at 230°C. No absorption was found. So 
no benefit from wet ball milling on the hydrogen sorption behavior is seen.  
A hydrogen storage material with a release process consisting of several steps 
might not be suitable for the optimization by milling. 
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Chapter 5 Summary of the conclusions 
Through comparison of the different milling parameters on the suspension particle 
size, the optimal milling parameters in this work were: 20wt% of MgH2 in the its THF 
suspension, 10:1 as the milling BPR, 5mm diameter YSZ balls as the ball milling 
medium and 72h as the milling time. 
Compared to as-received and dry ball milled MgH2 powder, wet ball milled MgH2 
powder had much finer particle size and larger specific surface area. Their sorption 
behaviour showed that wet ball milled MgH2 powder had much higher kinetic at 
different sorption temperatures, especially at relatively low temperatures. It is 
concluded that decrease of particle size and large increase of specific surface area due 
to wet ball milling result in an improvement of sorption kinetics of MgH2 powder. 
The kinetic improvement of cyclic desorption and absorption was also advantageous 
of wet ball milling. The desorption kinetics of wet ball milled MgH2 powder was 
improved since 2nd cycle. Although the maximal desorption capacity decreased from 
1st to 2nd cycle (from 7wt% to 6wt%), it kept the same from 2nd to 10th cycle. While 
the absorption kinetics and capacity continuously improved from 1st to 10th cycle. 
Why the 1st cyclic desorption kinetics was much slower than the other cycles was 
explained that during wet ball milling, part of MgH2 powder top surface could not 
avoid to be oxidized, which blocked the hydrogen sorption from the top surface. After 
1st cyclic desorption, the surface of MgH2 powder was activated thus the sorption 
kinetic was improved quite a lot. Besides, based on their P-C-T curves and Van’t Hoff 
plots different MgH2 powders showed similar formation enthalpy and entropy. It was 
again proved that the enhancement of sorption behaviour of MgH2 was only from the 
kinetic improvement due to wet ball milling.  
In this work, three different catalysts, i.e. Nb2O5, V and CNTs were used as 
catalysts. For hydrogen desorption, Nb2O5 and CNTs showed the better influence on 
its kinetic, while for hydrogen absorption Nb2O5 and V improved its kinetics more 
strongly than CNTs. Combination of improvement desorption and absorption, Nb2O5 
was the best catalysts in this work. Compared to the wet ball milled MgH2 powder, 
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the catalysts the powder had similar particle size and specific surface area but finer 
grain size. Thus the reasons why catalysts improved hydrogen sorption kinetics were 
expected as: (1) decrease of grain size resulted in improvement of the sorption kinetic 
of wet ball milled MgH2; (2) from literature it was shown that formation of Mg-Nb-O 
supported the diffusion in the MgH2 bulk and in the surface. This could be also used 
to explain the results of the other two catalysts. The partial Mg was lost for hydrogen 
sorption due to formation of new oxides thus its hydrogen capacity was lower than 
MgH2 powder without catalysts. Besides, its cyclic sorption kinetics was also 
improved due to added catalyst as expected.  
Based on the above wet ball milled MgH2 powder with Nb2O5 catalyst, another 
24h milling was operated by diameter 0.1mm YSZ milling balls in order to improve 
its microstructure. After the further ball milling, the specific surface area of the wet 
ball milled MgH2 powder was largely increased from 78.78m2/g to 180.16m²/g. From 
the comparison of hydrogen desorption at 300°C and 350°C the desorption kinetics of 
the new wet ball milled MgH2 with 3wt%Nb2O5 powder was 2.6 and 2.8 times as 
large as that of the previous standard wet ball milled MgH2 with 3wt%Nb2O5 powder. 
It was once again proved that the specific surface area was the key microstructural 
parameter for hydrogen sorption kinetics.  
With this characteristics, the model of MgH2 desorption was built up and the 
modelling results were in accordance with experimental results quite well.  
Another metal complex hydride NaAlH4 was also used in this work for hydrogen 
storage. However, its desorption temperature is higher than its melting point. The 
improved microstructure due to wet ball milling cannot play a role on improvement of 
the desorption behaviour of molten NaAlH4.  
In a word, due to the MgH2 powder, it is found that through wet ball milling with 
the help of THF the particle size was largely decreased and surface area was 
enormously enlarged, which were important for enhancement of the sorption kinetics. 
However, this optimization was only valid for the storage material having the 
desorption temperature lower than the melting temperature but not for the material 
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with several releasing processes and desorption temperature higher than the melting 
temperature.  
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